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PREFACE
This document contains the proceedings of the 19th annual Battery Workshop held at Goddard
Space Flight Center, Greenbelt, Maryland on November 18-19, 1986. The Workshop attendees included
manufacturers, users, and Government representatives interested in the latest developments in battery
technology as they relate to high reliability operations and aerospace use. The subjects covered included
lithium cell technology and safety improvements, nickel-cadmium separator and electrode technology
along with associated modifications, flight experience and life testing of nickel-cadmium cells, and nickel-
hydrogen applications and technology.
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INTRODUCTION
Thomas Y. Yi
Goddard Space Flight Center
On behalf of George Morrow, I would like to thank you for your continuing interest in the annual
NASA/GSFC Battery Workshop. We sincerely hope that the 1986 Workshop was as informative and
enlightening as past Workshops. The attendance at the workshop has been growing each year, as evi-
denced by our moving the workshop location to a much larger auditorium at the Goddard Space Flight
Center to accommodate a larger crowd. We hope that this interest in our Workshop by the aerospace
battery community will continue to grow.
In the 1986 Workshop, as in the past Workshops, we have placed emphasis on the existing test
programs and recent improvements, changes or problems, if any, in the aerospace cells and batteries.
We did make one change, however. In the last two Workshops, we dedicated one session to the ad-
vanced energy storage systems to provide you with an overview of research and development in the
energy areas for future NASA and government-wide aerospace applications. This year, we decided to
abandon the advanced energy storage topics; however, this area will be covered in the first annual Space
Electrochemical Research and Technology Conference sponsored by the NASA/Lewis Research Center
in April 1987. As a result, we have reduced the 2-1/2 day Workshop to a 2-day Workshop.
The first day began with a presentation on the NASA Aerospace Battery Flight Systems Program
Plan. This was included to provide the attendees with an overview of what NASA is planning to do to
improve performance, reliability, and safety of both the primary and secondary cells. This presentation
was followed by a session on Lithium Cell Technology, and the first day ended with the Nickel Hydro-
gen Technology session. The second day was devoted to the nickel cadmium cell technology. The
morning session concentrated on the Simulated Orbital Cycling and Flight Experience, while the after-
noon session, on Nickel Cadmium Design Evaluation and Component Testing.
We would like to thank the attendees, and especially all the presenters for the time and effort
they put in, for making the Workshop an active forum for discussion of aerospace cells and batteries.
PREVIOUSBATTERYWORKSHOPPROCEEDINGSPUBLICATIONS
For your information, wehaveincludeda list of the acquisitionnumbersfor all BatteryWorkshop
proceedingsince1970. Copiesof previouspublicationsareavailableupon request. The document
numbersand the addressesareasfollows:
YEAR CONTENTS ACCESSIONNUMBER
1985 Workshop N87-11072
1984 Workshop N85-31371
1983 Workshop N84-33668
1982 Workshop N83-35230
1981 Workshop N82-20402
1980 Workshop N81-21493
1979 Workshop N80-20820
1978 Workshop N79-28669
1977 Workshop N79-21565
1976 Workshop N77-21550
1975 Workshop N76-24704
1974 Workshop N75-16976
1973 Workshop(1st day) N75-15152
Workshop(2nd day) N75-17808
1972 Workshop(lst day) N73-21956
Workshop(2nd day) N73-21957
1971 Workshop(Volume 1) N72-27062
Workshop(Volume2) N72-27062
1970 Workshop(lst day) N71-28672
Workshop(2nd day) N71-28672
NASAmay contact:
NASA Scientificand TechnicalInformation Facility (STIF)
P. O. Box 8757
BWIAirport
Baltimore,MD 21240
(301) 859-5300
All other interestedpartiesmay contact:
NationalTechnicalInformation Services(NTIS)
U.S.Departmentof Commerce
Springfield,VA 22161
(703) 487-4600
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NASA AEROSPACE FLIGHT SYSTEMS PROGRAM PLAN
by
Olga D. Gonzalez-Sanabria
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Oh 44135
INTRODUCTION
Although batteries and related power systems have not been a major
contributor to flight failures, their performance, at times, has caused
concern within NASA. At the Agency's request, the Jet Propulsion
Laboratory (JPL) performed a study of actual performance of flight power
systems. A thorough assessment of the state of technology revealed
possible solutions to problems and ways to improve the current status of
primary and secondary batteries in addition to power system integration.
This plan outlines the necessary steps to re-establish the quality, safety
and reliability of standard nickel-cadmium cells. It provides for the
incorporation of new, advanced technologies and improvements in the
performance and life of battery systems for future NASA missions. It also
looks at the present status of the primary cells and batteries to reduce
the large number of chemistries involved.
OBJECTIVES
The objective of this program is to provide NASA with a policy and posture
which will increase safety, performance and reliability of space power
systems. This will be accomplished through improved performance, safety
and quality of primary and secondary cells, batteries and control over
battery system integration.
PROGRAM PLAN OVERVIEW
This plan addresses NASA flight battery and related flight power system
activities which are essential for safe, reliable, and technically
adequate performance during ground and flight operations. The policy,
standards, and specifications developed by this plan will provide guidance
for NASA project and program managers. In addition this plan will provide
for the safe and reliable operation of flight batteries, including
operation at higher levels of performance. Measures for reliable power
systems for flight vehicle applications will be identified. The
identification of missing or insufficient technical controls within the
Agency and the alleviation of these conditions are essential elements of
this plan. Furthermore, the plan will provide for the timely
identification of the future technical needs of NASA in terms of hardware
development and research.
The NASAAerospace Flight Battery System Program Plan is intended to be
responsive to NASA'santicipated needs for high performance as well and
safe and reliable energy storage space power systems. In the near term
the program will: a) establish the necessary data bases, b) assure
short-term mission requirements will be met, and c) improve the
reliability of power systems. The long range goals are designed to
improve the performance and reliability of energy storage power systems to
meet NASA'sfuture needs. It will also maintain a data base to ensure
problem identification and resolution.
PROGRAMTASKS
This program is designed to enhance safety, reliability, and performance
of NASA'saerospace primary and secondary batteries as well as battery
power systems. It is also intended to bring NASAup to state-of-art with
current battery technology. A total of four tasks are required, these
will be briefly described in this section.
ProgramManagement
To provide continuing coordination with all the NASAcenters, JPL,
NASAHeadquarters and the Battery Steering Committee. To review
progress and requirements in order to provide programmatic
redirection as required. Will provide for technical management,cost
and scheduling of the program.
Battery Systems Technology
To improve the reliability of energy storage space power system
design, integration and checkout. This is to be achieved through the
development of NASAhandbooks, training programs, a problem reporting
mechanism, and enhancementof communications throughout the agency.
Secondary Battery Technology
To improve the performance, quality, safety, and reliability of
secondary battery systems. It will involve the establishment of a
performance data base for SOAbatteries. Also newprocurement
processes to resolve present manufacturing problems. This task will
focus on the understanding of critical performance parameters, and
the upgrading of the test facilities to maintain the necessary data
bases.
Primary Battery Technology
To improve the performance, safety, and reliability of primary
battery systems. To reduce the numberof chemistries used for
primary batteries in order to improve characterization and controls.
The activity will also include the establishment of space qualified
cells and guidelines for design and operation of primary batteries.
IMPLEMENTATION
Successful implementation of the program requires participation and
cooperation throughout all NASAlevels. The NASALewis Research Center
has been assigned the responsibility of the lead center. The NASABattery
Steering Committee will provide guidance and recommendpriorities for the
activities covered. The different tasks will be performed by the assigned
NASAcenter or JPL in agreement with each center expertise. Overall
objective, guidelines and funding will be provided by NASAHeadquarters,
CodeQ. An overview of the centers structure and responsibilities is
shownin figure I.
CONCLUDINGREMARKS
The plan responds to battery/system problems. The goals of improved
reliability, safety and performance is attainable. It will also enhance
understanding and communications throughout the agency and a unified,
coordinated effort for future problem avoidance. The plan is certainly an
inexpensive effort relative to benefits. This program addresses flight
battery and related flight power system activities which are essential for
safe, reliable and technically adequate performance during ground and
flight operations.
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SESSION I
LITHIUM CELL TECHNOLOGY
Chairman: G. Halpert, JPL
N88- 1102 2
ComputerSimulationof Thermal Modeling
of Primary Lithium Cells
Young I. Cho I , Harvey Frank 2 and Gerald Halpert 2
Drexel University (I) and Jet Propulsion Laboratory (2)
The objective was to gain a better understanding of the safety problem of
primary LI-SOCl z and LI-SO 2 cells by carrying out detail thermal modeling
work. in particular, the transient heat generation rates during moderate and
extremely high discharge rate tests of LI-SOCl z cells were predicted and
compared with those from the electrochemical heating. The difference between
the two may attributed to the lithium corrosion and other chemical reactions.
The present program was also tested for charging tests of LI-SO 2. In
addltlon,the present methodology should be applicable to other primary
cy1lndrlcal cells as well as rechargeable battery analyses with minor
modifications.
INTRODUCT ION
The present Investigation Is an extension of our earlier work of a simple
transient model, which used the lumpeO-heat-capaclty method to predict the
tlme-dependent cell temperature of primary IIthi_m-thlonyl chloride (LI-SOCl Z)
cells [I]. However, the thermal Impact of internal thermal resistances on the
overall heat dissipation was not Included In the previous analysis. In addition,
the heat transfer coefficient h, which Is a function of temperature and position,
was assumed to be constant In the previous study to demonstrate the validity of
methodology.
The purpose of the present thermal modeling work was to develop a
computer program to take Into account the effects of internal thermal
PINI_EDI_._GPAGE BLANK NOT F_M'FJ)
resistances, non-linear heat transfer coefficient, and radiation, in so doing,
we wanted to Identify the mechanism of heat dissipation in typical cylindrical
lithium cells. In addition, we wanted to calculate the net amount of heat
generated from the cell during the discharging or charging procedure, from
which the safety problem of LF--SOCl2 and Li-SO 2 (lithium-sulfur dioxide)
battery systems could be better understood.
Frank et al. pointed out tn their study of safety hazards associated with the
charging of LI-SO Z cells [2] that the cell safety depended on a number of
variables such as cell type, charging current, temperature and ceil condition
prior to charging (discharge history), etc. Results of the charging tests were
reduced to the form of a curve called "safety envelope', that related time to
explosion with charging current. The time required to reach a dangerous
condition Increased as the charging current was reduced. Hence, one of the
objectives of the present investigation was to calculate the threshold time,
which will allow the reliable prediction of the dangerous region for a system
without first conducting extensive experimental measurements.
The available experimental data for Li-SO 2 cells were in the form of
instantaneous cell wall temperature and operating cell voltage at a given
charge current. All charging tests were carried out with power supplies,
which were adjusted to provide a constant current, thus allowing voltages to
float. During the charging tests the ceils were placed In
temperature-controlled chambers at a given temperature so that the ambient
temperature was remained constant during the tests.
DESCRIPTION OF THE PROGRAI'!
Two computer programs were developed for the present thermal modeling
work. The program A calculates Instantaneous heat generation rates using the
cell wall temperature as experimental input during discharging or charging
test, while the program 6 calculates instantaneous cell wall temperature with
heat generation rates If available from calorimetric measurements. In both
cases the Internal temperature distribution within the cell would be
automatically produced. Also, electrolyte consumption schedules could be
given as input such that a dry or flooded cell could be simulated. It was pointed
out that the correct estimation of electrolyte during discharging or charging
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test was Important In the calculation of thermal mass of a cell, slnce
electrolyte usually accounts more than fifty percent of the total thermal mass
In a fully discharged condition.
Note that the programs were written In the Basic Language and can be run on
the IBM PC XT or AT. Both programs are fully self-contained and the only Input
data requlred are either the transient cell wall temperature for program A or
heat generation rate obtained from the calorimetric measurement for program
B.
These computer programs were developed as a tool, with which one can
carry out a computer experiment to Identify several Important safety problems
such as the effects of the ambient temperature, tlme required to reach a
dangerous condition, discharge or charge current, and amount of electrolyte,
etc. To do thls, one needs to have a set of data of both Instantaneous cell wall
temperature and heat generation rate obtained from the calorimetric
measurement during discharging or charging test for a particular type of a
cell. Once we establish the base line test conditions for the computer
simulation by cross-checking the predicted temperature with experimental
data, one can conduct a series of parametric studies by changing a parameter
at a time such as ambient temperature, charging current, amount of
electrolyte, etc.
In the following section,the thermal modeling work will be described in
detail, which should help us to understand the full capability and limitation of
the computer simulation based on the present thermal model.
I)F_SCIIIPTION OF THE TH£111'IAL I'IOI)£LIN6
From the heat transfer point of view, the total amount of heat generated
from the cell can be expressed by the sum of the sensible heat stored within
the cell and the heat dissipated out of the cell via convection and radiation
mode. Although the heat transfer coefficient by a forced convection can be
larger than that by a natural convection by an order of magnitude, the former
was not considered here from the fact that the forced convection cooling
requires power from the primary battery system, thus diluting the available
power density. Hence, the convection in the present thermal modeling work
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consists of the natural convection only.
When the cell wall temperature is near the ambient temperature, the heat
dissipation by radiation Is considered relatively small. However, with
increasing cell temperature, the amount of heat to be dissipated out by
radiation could be significant. This is true when a cell temperature Is in the
range of 80 to IZ0 °C, as illustrated in Fig. I which was for a D-size LI-$OCI 2
cell with heat generation rate of 10 W. The solid points in Fig. 1 represent the
heat dissipation by convection only, while the open points include heat
dissipation by radiation. As demonstrated, if radiation is not included in the
heat dissipation analysis, the predicted temperature is well above the actual
level by almost 100 percent even In the range of 80 to 120 Oc. Thus, the
radiation mode of heat dissipation is kept in the present thermal modeling. In
summary, the total amount of heat generated from the cell during discharging
or charging test can be written as
QTOTAL " QCV + QR + QS! + QS2 ( I )
where
QCV = heat dissipation to the surroundings by convection
QR = heat dissipation to the surroundings by radiation
QSI = sensible heat (energy stored within the cell)
QS2 = sensible heat correction due to the Internal temperature
variation by heat conduction.
The heat balance equation can be rewritten in terms of the actual parameters:
QTOTAL = hA(T w-T a)+Fl_ 2(OA[Tw 4-Ta 4 ]+CpI'I_dT+Qs2
<It
(2)
where Tw and T a are the cell wall temperature and ambient temperature,
respectively. Since QSZ Includes the thermal resistance network introduced by
Cho (I.e., Figure 8,[3]) and associated heat conduction analysis, the last term
could not be expressed explicitly here.
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HEAT CONVECT ION
The first term In Eq. (Z) represents the amount of heat removed from the
cell surface to the environment via natural convection, In the cylindrical
shape cell, there are three different areas, which are the side, top and bottom
surfaces. The heat transfer coefficient from each surface is quite different
and Is a non-linear function of the wall temperature, whtch again varies with
time. Note that the natural convection phenomena from the side, top and
bottom walls of the cylindrical shape cell are well established. Hence, using
the available experimental data, the dimensionless heat transfer on each wall
surface was calculated as a function of the Prandtl and Raylelgh numbers,
leading to the calculation of the Nusselt number. The mathematical
expressions of the Nusselt numbers in the side, bottom and top surfaces were
given in Cho [3]. In addition, the Prandtl number, thermal conductivity of air
and the values of glZ/v 2 necessary for the calculation of the Rayleigh number
were given as a function of temperature in Cho [5]. This was converted Into
the corresponding heat transfer coefficient using a characteristic length such
as the cell height or diameter. Using the local heat transfer coefficient, the
amount of heat convected out from each wall surface was calculated and
summed together to produce the total heat convected to the surroundings.
In so doing, the bottom wall surface posed some uncertainty because the
cell could be placed on top of a plastic, wood, or metal shelf during the
discharge or charge tests, thus preventing natural convection from occurring
from the bottom wail. Depending on the shelf material and the contact
resistance between the cell bottom surface and shelf, the conduction heat
transfer from bottom surface to shelf could vary significantly. However, the
effect of the shelf was not considered in the present thermal modeling, and
heat was assumed to be removed from the bottom wall by the natural
convection mode alone. Of note is that from the calculation of the present
thermal modeling the heat dissipation from the bottom wall by convection was
found to be relatively small compared with those from the side one.
When one has a fairly large size heat sink under the bottom wall, the
effect of the heat sink can be significant and should be carefully examined.
However, in many aerospace applications, such addition of heat sink is
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considered not beneficial due to the associated weight gain, which is directly
related to the launch cost. Also note that for a multi-cell arrangement as
found in most practical applications of these llthlum cells, the active surface
area available for heat convection (and radiation) is lesser per cell than a
single cell condition. Thus, the heat convection calculation based on the actual
cell arrangement should be carried out to estimate the correct amount of heat
dissipated out by convection. The multi-cell analysis should constitute future
work.
HEAT RADIAT IOtl
The second term, radiation heat, represents the energy dissipated out by
the radiation mode. The amount of radiated energy is proportional to the
fourth power of the surface temperature (in the absolute temperature scale),
in Eq. (Z). Hence, with increasing cell temperature, the role of radiated
energy becomes quite important. In general, the amount of heat transferred
by radiation depends on the followtno parameters;
FI-2
(
A
Tw,Ta
= configuration factor from wall to the surroundings
(geometric constant)
= emmisivlty (surface property)
= active area for radiation
= cell surface temperature and ambient temperature, respectively.
The values of the configuration factor and the emmtstvity of the lithium
cells used in the present analysis were unity and 0.8, respectively, simulating
a single cell test condition. The total surface area of the cell was used as the
active radiation area In the present analysis. However, the radiation from the
bottom wall should not be Included in the analysis when the cell is placed on a
shelf. Note that for a multi-cell test one has to calculate the configuration
factor using the actual multi-cell arrangement, which could be substantially
smaller than unity.
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SENSIBLE HEAT
The sensible energy means the ener9Y stored within the cell due to a
temperature rise of a cell during discharge or charge process. The third term
tn Eq. (3) represents the product of the total thermal mass and wall
temperature rise during At, assuming that the cell internal temperature Is the
same as the wall temperature.
However, cell Internal temperatures vary from cell wall temperature at
any given time t during discharging or charging process, which was caused by
the outward heat conduction. Hence, the sensible heat must be corrected to take
Into account the effects of internal temperature variation within the cell. To
determine the local temperature In each cell component at time t, the thermal
resistance of each cell component (such as cathode, anode, separator,
electrolyte, and case can) was calculated In a similar manner introduced by
Cho [3]. Accordingly, the sensible heat correction was obtained using the local
temperature rise of each cell component. Of note is that the present program
has the cell specifications of geometry and component materials for cylindrical
D-size LI-SOCI 2 and Ll-SO 2 (i.e., Navy's sonobuoy cell) cells. Thus, the only
geometric Input required for the calculation of the thermal resistance of cell
components Is to specify D for the D size cell or H for the LI-SO 2 cell.
In addition, the amount of liquid electrolyte varies with the depth of
discharge. Since the thermal mass, defined as the product of mass and
specific heat, of electrolyte, ts about one third or half of the total thermal
mass of the primary lithium cells, It is very important to provide a correct
information on the actual amount of electrolyte as a function of time. For
example, the electrolyte limited cell will have almost no liquid electrolyte
near the end of discharge. Thus, substantially less thermal energy can be
stored within the cell near the end of discharge. Hence, the thermal modeling
presented here was developed to take into account the effect of actual
electrolyte consumption as a function of discharge.
Intuitively, the flooded cell should provide more thermal mass during
discharge process, thus being safer from the heat management point of view
than the electrolyte limited ceil. The present thermal model can be used to
find how much better the flooded cell would be compared with the electrolyte
limited cell, or what amount of the excessive electrolyte Is needed to avoid or
2"7
delay the unsafe condition for a given type of a ceil. Thus, the initial amount of
electrolyte and the consumption rate could be given as a part of input data, if
desired.
pESULT5 AND DISCUSSION
Looking at the discharge mechanism of the lithium primary cells, the total
amount of heat generated from the cell during discharge is the sum of that from
the electrochemical reaction and chemical reactions. In general, the amount
of the heat from the electrochemical reaction is given by the product of the
polarization voltage and discharge current, while that of chemical reactton is
not established well.
Durin(j the charging procedure, the amount of total input energy can be
expressed by the product of the chargirR current and the operatirKJ cell
voltage. Similarly, the excessive input energy applied during the charging test
may be given by the product of the chargimj current and the voltage difference
between the open-circuit- voltage (OCV) and operating voltage. However, it is
not known what percentage of the excessive Input energy would be converted
Into heat. The present thermal modelln(j work was partly Initiated in an attempt
to answer this question.
LI-SOCI Z cells
s) Moderate Discharge Rate Test
A D-size cell was discharged under a constant load of 0.5 ohms. The cell
wall temperature and operatin(J cell voltage were recorded as a function of time
and shown In FIg. 2. The cell wall temperature was gradually increased from
the ambient condition of 22 °C to an asymptotic value of 85 °C, while the cell
voltage dropped from the maximum value of 3 V at t = 60 min to I. 19 Y near the
end of test (I. e., at t • 282 rain). The transient cell wall temperature was
used as the Input for the present program and the corresponding heat
generation rate was calculated accordingly.
Figure 3 shows the predicted heat generation rate from the present model
together with the electrochemical hearings based on the thermoneutral potential
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(E H) of 3.72 V (see the dashed line in Fig. 3). The predicted heat rates are in
good agreement with those calculated with the thermoneutral potential in the
range of t = 0 to 120 mtn. After t = IZ0 mln when the cell operating cell voltage
began to show substantial drop, the actual predicted heat rate was consistently
smaller than those of electrochemical heating, indicating that the
electrochemical heating based on the polarization during this period (i. e.,
approaching the end of discharge) is not a good measure of the total heat
produced In the cell.
Figure 4 shows the contributions of energy used in the form of convection,
radiation, sensible energy, and sensible energy correction due to heat
conduction. As shown in the figure, the sensible energy was a dominant mode
of the energy use in the beginning of discharge, while near the end of test
convection and radiation accounted almost all the heat produced within the cell.
In addition, the sensible heat correction due to heat conduction was negligible
throughout the entire discharge period.
b) Extremely High Discharge Rate Test
To test the present program, an extremely high discharge rate test was
chosen. The mechanism of heat dissipation from the cell was examined for this
extreme case. Experimental data were taken from Dey [4] and shown In FIQ. 5,
which was obtained by external short circuit using a typical Jellyroll type D-size
LI-SOC12 cell. Of note ls that the cell was exploded at t = 9.6 rain.
The predicted core temperature together with the experimental wall
temperature was presented in Fig. 6. Prior to the explosion, the temperature
difference between wall and core was found to be 28 °C. The core temperature
almost reached the melting point of lithium (I.e., 179 °C) while the wall
temperature was well below that.
Figure 7 shows the predicted heat generation rate (see the solid line) and
the electrochemical hearings based on EH (see the dashed line). Of note is that
the curves of electrochemical heatlng was shifted to the right by 0.5 rain to
match the initial slopes with the predicted one. The predicted heat rate gave a
good agreement with the calculated one with EH, confirming the validity of the
present program.
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To understand the mechanism of heat dissipation during the extremely high
discharge rate test, the contributions of convection, radiation, sensible heat
and sensible heat correction due to heat conduction are shown in Flg. 8. In the
beginning of discharge, the sensible accounted almost all the heat produced
within the cell. However, approaching the explosion, the contribution of the
sensible heat, QS1, decreased gradually while the amount of heat due to
convection, radiation and conduction Increased. It ls Interesting to note that
the sum of convection and radiation only accounted about 40 percent, while the
conduction took the largest portion of the total heat, approximately 35 percent.
This clearly Indicates that one must Include the sensible heat correction due to
heat conduction In the thermal modeling of high discharge rate tests of lithium
cells.
_Cells
The present program was tested for charging tests of LI-SO 2 cells. Some
of the results will be briefly described. The predicted instantaneous heat
generation rate obtained from the Navy's L1-SO 2 cells (identified as cella4 for
the State-Of-Charge effect test at JPL) was found to be smaller than the
excessive amount of Input energy calculated using OCV. Note that the excessive
input energy was defined as the product of the current and the difference
between the cell operating voltage and OCV, I(E o - OCV). However, approaching
a large explosion point, the present model predicted a significant Increase In
the heat generation rate, su99estlng that a vigorous chemical reaction might
have started during this period.
Considering the fact that during discharging tests the predicted heat rate
was almost equal to or larger than the electrochemical heating, the results
obtained from the simulation of charging tests showed the opposite trend. The
excessive input energy was substantially larger than the predicted heat rate,
Indicating that a good part of input energy was consumed for some unknown
chemical reactions during charging tests.
The break-down of the heat generation rate into convection, radiation,
sensible heat, and sensible heat correction due to conduction was also
examined. In the beginning and ending periods of the charging test, the
3o
sensible heat was large, absorbir_ the significant percentage of the total heat
generated from the cell. However, in the middle period of the test, the
sensible heat was found to be very small due to the fact that the ceil
temperature remained almost unchanged during this period. In contrast, the
heat dissipated out by convection and radiation were found to increase
conslstantly with time.
SUMMARY AND CONCLUSIONS
Two programs were developed as a tool to investigate the thermal
performance of primary lithium cells. Program A predicts the instantaneous
heat generation rate while Program B calculates the Instantaneous wall
temperature. In both cases, Internal temperature distributions were
automatically produced, and the contributions of heat convection, radiation,
internal energy stored within the cell (i.e., sensible heat) and its correction
due to heat conduction were also identified. These results were used to
understand the mechanism of heat dissipation from the lithium cells during
discharging or charging tests.
Internal thermal resistance of each cell component was calculated based on
the actual design parameters, built-in in the present program. In addition,
electrolyte consumption schedules could be given as input such that a dry or
flooded cell could be simulated. The major findings will be briefly highlighted
below:
1. During discharging test runs, the predicted heat rate gave a good agreement
with those obtained with the electrochemical heating based on thermoneutral
potential, I(E H - Eo).
2. Under normal discharge rate conditions, convection and radiation were
dominant heat dissipation modes.
3. However, approaching the explosion or for extremely high discharge rate
cases such as external short circuits, convection and radiation accounted only
3]
forty percent of the total heat produced.
4. Durlr_ the most period of the chargir_ test, the predicted heat generation
rate was found to be consistently smaller than the excessive input energy given
by I(E o -OCV). However, approachino the explosion point, the predicted heat
rate showed a significant Increase, suogestino a vigorous chemical reaction
occurring within the cell.
5. Time-history of convection, radiation, sensible heat, and conduction was
calculated from the thermal modellnq analysis both L1-SOCI Z and Li-SO 2 cell,
which helps us to better understand the overall thermal behavior of the cell
during discharging charging tests.
A series of parametric investigations using the present thermal modeling
program might help us to identify the unsafe operattr_ condition of the primary
lithium cells. Of note is that the present program is applicable to other
primary cylindrical cells with minor modifications. In addition, the present
methodology should be valid for prismatic or button type lithium cells as well
as for rechargeable battery analyses, In general.
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NOMENCLATURE
A
Cp
EH
Eo
FI- 2
h
I
M
OCY
Q
T
t
: cross sectional area
: specific heat
: thermoneutral potential of the lithium cell
: operating cell voltage
: configuration factor used In radiation analysis
: convection heat transfer coefficient
: Current
: mass of cell
: Open-circuit-voltage
: Heat generation rate
: Temperature
: time
Greeks
E
0
emmisivity
Stefan-Boltzman constant
Subscr/ptlons
a : ambient
w : cell wall
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OBJECTIVES
The goal was to better understand the safety problem
of primary Li-SOCI 2 and Li-SO 2 cells by conducting the
thermal modeling work.
Specifically, we wanted
i) to predict the total amount of heal generation rate
during high discharge rate conditions, and
ii) Lo understand the mechanism of heal dissipation
from the cell
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OBJECTIVES-cONTINUED
0 The Lime required to reach unsafe conditions
for a given cell and given test conditions should
calculated.
be
0 The net difference between the predicted total
heal rate from the model qL and the heal
calculated from I(OCV - EI) is due Lo lithium
corrosion and/or other chemical reactions.
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Total Heat Dissipation consists of
0
0
0
0
heal convection from cell wall to the surroundings
heal radiation from cell wall to the surroundings
energy stored within the cell (sensible energy)
sensible energy correction due to heat conduction
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The total heat generation rate is the sum of all four.
qtotal = qcv + qr + qsl + qs2
The heat balance equation becomes
qtotal = h(Tw,r) A(Tw-Ta) + F!_2 A 0 ( (Tw4-Ta 4)
dTw
cpM + qs2
dt
where Tw is a function of"Lime.
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THE PRESENT COMPUTER CODE CONSISTED OF
TWO PARTS.
PIPJlIli'IBm A I Lo predict total heal generation rate
from the cell wall temperature as a function of Lime
l]llll,llOl.ll)liOll| ; Lo predict transient cell temperature
from the heal generation rate data
In both cases,
i) internal temperature distributions were
automatically produced, and
ii) contributions of heal convection, radiation,
internal energy stored within the ceil, and heal
conduction were automatically identified.
49
USER-FRIENDLY CODE:
Any cylindrical cell can be simulated.
In particular,
i) Detail information on the geometry and cell
component materials for Li-SOCI 2 (D-size cell)
and Li-SO 2 (Navy's sonobuoy cell) was built-in.
ii) Internal thermal resistances were automatically
calculated based on these information to produce
internal temperature distributions.
iii) Electrolyte consumption schedules could be given
such that a dry or flooded cell could be simulated.
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SHORT CIRCUIT CURRENT, AIMPS
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CONCLUSIONS
o The total heaL generation rate was calculated from a
comprehensive thermal modeling work, including
convection and radiation heaL dissipation, sensible
heaL, heal conduction via internal thermal resistance
neLwork.
o Under normal discharge rate conditions, convection
and radiation are dominant heat dissipation modes.
o However, approaching the explosion or for extremely
high discharge rate cases such as external short
circuits, convection and radiation dissipate less than
4os of the total heal produced.
o The presenL code is applicable for oLher primary
cylindrical cells wiLh minor modifications.
0 The present, meLhodology is valid for charging Lests
as well as rechargeable baLLery analyses.
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250AH/90A ACTIVE LITflIUM-THIONYL CHLORIDE CELL FOR CENTAUR-G APPLICATION
A. E. Zolla and D. D. Tura
Altus Corporation
San Jose, California 95112
ABSTRACT
A high rate active Li/SOCI 2 cell has been designed for use in a 28 volt,
250 amp-hour space battery system. The lithium battery is being considered as
a replacement of its heavier silver- zinc counterpart on board the "Centaur-G"
booster rocket which is used to launch payloads from the un-manned space
vehicles.
Basically a feasibility study, this development effort is demonstrating
the ability of the lithium cell to deliver up to 90 amps safely at power
densities of approximately 25 watts per pound. Test data on 4 prototype units
is showing an energy density of 85 watt-hours per pound and 9.0 watt-hr/in 3.
The cells tested demonstrated 280 to 300 amp-hours under ambient temperature
test conditions using alternating continuous loads of 90, 55 and 20 amperes
throughout life.
The cell is hermetically sealed in a welded stainless steel envelope of
103 in 3 volume and weighs 10.9 Ibs. The cell's internal impedance is a low
3.5 milliohms achieved by means of close electrode spacing, a low resistance
internal bussing structure and large 3/8 inch diameter nickel pin terminals.
Data from four cells tested are presented to demonstrate the capability
of Li/SOCI 2 technology for a C/3 discharge rate in active and hermetic cell
units.
A simple thermal model was developed, which predicts the heat transfer
characteristics and cell temperatures as a function of time and current.
DESIGN
Four cells were constructed and tested individually during this
development effort. They were de,signed to provide slightly over 250
ampere-hours to achieve the capacity required and to have reserve capacity to
guard against possible over-discharge (reverse voltage) of a cell in a
multiple series circuit.
A cylindrical case configuration was chosen due to its inherent strength
and ease of manufacture. The case is 4.50" O.D. and 5.06" tall. Internal to
this stainless steel case, a pile construction of multiple anodes and cathodes
with non-conductive but porous separator material was selected. The current
collectors within these electrodes have tabs which protrude from the pile with
a 120 ° dispersion angle between anode and cathode tabs. These anode and
cathode tabs are separately brought together and welded for the electrical
parallel connection to the respective electrode terminals.
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The anode disc is 4.0 inches in diameter and 0.007 inches thick. Two
such discs of lithium sandwich the nickel current collector plate. Each
hi-anode assembly has correspondingly 162 cm 2 of active surface area and a
theoretical capacity of 5.94 AH.
The cathode is of similar diameter to the anode and contains 1.24 g of
carbon in each disc. Two such cathodes, separated by a nickel current
collector plate, form the bi-cathode assembly. Each cathode assembly
supports 5.2 AH of cell reaction and therefore limits the cell's capacity
delivery.
The overall cell contains a substantial excess of electrolyte which is
accessible to the cathode and separators by capillary attraction.
Two minor variations of the basic design were built and tested. The
first two cells (S/N 001 and 002) consisted of 57 bi-electrode pairs. The
second two cells (S/N 003 and 004) were constructed with 54 hi-electrode pairs
within the same cell envelope. At the 90A peak current the two designs
operated at 9.7 and 10.3 mA/cm 2 respectively.
The latter cell design variation is preferred from the standpoint of ease
of manufacture and the resultant capacity and performance still meet
technical objectives.
Special emphasis was placed on the internal bussing design of the cell.
It was recognized that at the intended high rates, the internal resistance
must be minimal to avoid excessive internal heating, loss of voltage and
internal pressure build-up. The cell was therefore designed with the largest
nickel conductor cross-sectional area possible within the constraints of space
available and manufacturability.
The measured voltage dropat 90 amperes across this internal bussing
system is 58 millivolts, indicating 0.64 milli-ohms resistance per terminal.
The sum of the two terminal assemblies is therefore 1.3 milliohms for the
nickel conductors. Resistance contributions from electrochemical components
raise the cell's total internal impedance to about 3.5 milliohms; an
acceptable level for 90A delivery.
The bulkiness of the bussing system necessitated large terminal boxes to
be located around the bussing terminations (at 120 ° locations around the cell).
The large size allowed easier and more expedient manufacturing and assembly of
the cells. These terminal housings are completely filled with electrolyte and
are reservoirs for the substantial excess over the capacity requirement.
The 3/8" diameter nickel - teflon feed-thru terminals were designed
specially for this cell. These were thoroughly tested for hermeticity and
reproducibility in manufacture. Special care was taken in the design of
welding joints in the cell case to locate the welding zones away from internal
lithium. This was accomplished by "dishing" the lids on the case so that the
welds are low heat butt-welds located more than I/4" away from the internal
stack. Similarly, the terminal boxes are welded to interface plates which
extend from the main cell I/2" away from lithium. In addition, a full set of
heat sinks were developed to maintain the cell at low temperature during
welding operations.
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TESTING
The cells were equipped with pressure transducers and were further
prepared for testing by attaching 7 thermocouples, and lead wires. The power
leads were attached to the 3/8" nickel terminals using a clamp-connector
attached to welding cable. The transducer, thermocouples, electrode potential
leads and power leads were remotely connected to test instrumentation. The
instrumentation sampled data every minute and a strip chart recorder
continuously tracked data throughout the test. A computer was used to compile
the data into tabular and graphical formats. Figure numbers 1,2, 3 and 4
present the data graphically for serial numbers 001, 002, 003 and 004,
respectively.
A summary of the test conditions for the 4 cells follows:
S/N 001 - This cell was tested on a 4.0" diameter copper block which was
located on a large slab of steel. The copper block was interfaced to the cell
with a layer of thermal grease. The cell was discharged 4 times with a 60
minute 90-55-20 amp constant current discharge profile (20 minutes at each
level). The cell was then discharged to 2 volts at 20 amps. After a weekend
at open circuit, the cell was depleted of energy on a 0.i ohm resistor.
S/N 002 - This cell was tested on a piece of wood to create a less
thermally advantageous situation than in the previous test. Also loaded 4
times with a 90-55-20 amp discharge profile, this cell was then discharged to
2 volts at 20 amps. Subsequently the cell was depleted of its energy on a 1
ohm resistor.
S/N 003 - Since this cell contains 5% less anodes and cathodes than the
previous 2 cells, it operates at a slightly higher current density. This cell
was, therefore, tested at conditions identical to those for S/N 002 in order
to assess the differences in operation due to this current density change.
The cell was tested on a wooden block with the same current profile to 2 volts
as in S/N 002. On this cell, however, the 20 amp constant current discharge
was continued past the 2 volt cutoff, through 0 volts into reverse voltage
(about -0.I volts) for a further 330 AH.
S/N 004 - Since the ultimate application for the cell is in space (vacuum
environment), it was decided to test this cell in a near adiabatic condition
to determine its behavior under this extreme situation. Both conduction and
convection were precluded as far as possible with the exception of negligible
conduction down the power leads. The cell was tightly wrapped in foam and
placed in a covered styrofoam box tightly packed with styrofoam packing
material to minimize heat loss. The cell was discharged at the same 90-55-20
amp constant current profile as its predecessors. After the third profile,
however, it was determined that the cell temperature and pressure were high
enough, (as expected) to abandon the fourth profile and the remainder of the
test was conducted at 20 _mps constant current. The cell was finally depleted
of its energy on a | ohm resistor.
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DATA SUMMARY
Table l includes the major data points necessary to summarize the
performance of the cells. Table 2 contains detailed data on average voltages
of the cells.
CELLS S/N 001 AND S/N 002 - Delivered 301 and 294 amp-hours (to 2.5
volts), respectively; well above the 250 AH goal. The energy of both cells,
973 and 956 WH were also very close. Both cells remained at very moderate
temperatures and pressures throughout their respective test cycles. S/N 001
rose to a maximum case temperature of 48.9"C and a maximum pressure of 27 psig.
S/N 002 achieved 58.1°C and a maximum pressure of 37 psig. The lower values
for S/N 001 are clearly due to the fact that heat was conducted from the base
of the cell whereas for S/N 002 it was precluded. These cells operated at 9.7
mA/cm 2 on the 90 amp current discharges and they both delivered high energy
densities (to 2.5 volts) of about 90 watt-hours per pound.
CELLS S/N 003 AND 004 - Delivered predictably lower capacities than their
predecessors due to the 5.3% reduction in carbon c_thode weight. A capacity
of 281.8 AH is mathematically projected and S/N 003 delivered this capacity.
Cell S/N 003 attained a pressure of only 28 psi during discharge - a very
pleasing result. This cell was allowed to enter forced discharge (reverse
voltage) at 20 amps, for 16+ hours after discharge was complete, in order to
access the safety characteristics in this abusive condition. The cell case
maintained its structural integrity and hermeticity throughout the entire
reverse voltage period.
Because S/N 004, in its near adiabatic condition, operated at a much
higher average temperature than S/N 003, it manifested a significantly higher
average voltage.
Cell S/N 004 reached a temperature and pressure maximum of I05.1°C and
172 psig respectively during its last few minutes of constant current
discharge, due to its near adiabatic state. Again, the cell maintained its
structural integrity and hermeticity through-out the entire test.
The design of cells S/N 003 and 004 was validated by the test results and
the resultant 85 watt-hours/ pound after 90A (at 10.3 mA/cm 2) delivery exceeds
the technical objectives.
THERMAL MODEL
In order to develop a grasp of the thermal operating characteristics of
the cells prior to actual testing, a thermal model was developed. The model
is based on a simple energy balance where the cell is assumed to be a
homogenous thermal mass. The calculated heat capacity of a typical cell is
0.223 cal/g/°C. The predicted average temperature profile is determined by
calculating the accumulated energy in the cell as a function of time and
dividing by heat capacity and weight. Three paths for heat transfer were
identified for the cells - conduction to the surface on which the cell rested,
convection to air, and conduction of heat out of the cell through the nickel
terminals. Heat transfer coefficients were determined for these paths, and
used to formulate an overall heat transfer coefficient for the planned test
conditions. The cell model is represented by Figure 5.
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The integral of the three thermal transfer modes were calculated to be
1.19, 0.84, 0.84 and 0.09 watts/°C above ambient for cells tested as S/N l,
S/N 2, S/N 3 and S/N 4 respectively.
The results of solving the heat balance for each cell indicated that we
could expect moderate cell temperatures for cell tests I-3. As seen in Table
#l, these predictions were quite accurate. The prediction for test number 4,
the near adiabatic test, indicated a high temperature of 93.4°C at the
termination of testing. Based on this .information, a successful test in the
adiabatic environment was predicted. As seen in Table #I, the original model
is marginally less accurate at high temperatures. The original thermal model
was helpful in planning the testing for this development effort. Recent
refinement of the thermal model considered accelerated self discharge at
elevated temperatures and this new model is useful in the design of the full
28V battery. The model credibly predicts the battery temperature and
operating voltage under the various scenarios for solar and earth flux
radiation and operating current.
CONCLUSION
This work has demonstrated a safe and efficient lithium thionyl chloride
cell design for high capacity (250 AH) with high rate performance (C/3). The
cell can deliver a sustained 1 hour at 90A and full 250 AH capacity delivery
within an adiabatic environment.
The demonstrated energy density of 85 WH/LB can readily be raised to 115
WH/LB using a less conservative steel case design which is still competant for
predicted internal pressures.
The developed thermal model predicts a full 9-cell battery operating
safely in a space environment with the factor of two weight reduction over a
silver-zinc system for un-manned space vehicle power.
This work suggests that the present high rate Li-SOCI 2 technology is
ready for full system hardware development and subsequent analysis through
testing.
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Table 1.
DATA SUMMARY
SERIAl.NO. __0_0_i_002 003 004
CAPACITY TO 2.5 VOLTS
(AHRS) 301 294 282 260
ENERGY TO 2.5 V (WHRS) 973 956 950 899
CELL WEIGHT (GRAMS) 4892 4972 4914 4969
ENERGY DENSITY TO 2.5
(WHR/LB) 90 87 88 82
INTERNAL RESIST. (M OHM) 4.6 3.7 3.3 3.2
NO. OF BI-ELECTRODE PAIRS 57 57 54 54
CASE TEMPERATURE (°C)
LOW 11.6 15.3 16.8 19.0
AVERAGE 33.3 39.5 41.4 83.5
HIGH 48.9 58.1 53.9 105.1
PREDICTED HIGH TEMP. 45.5 54.4 54.5 93.4
PRESSURE DATA (PSIG)
LOW 0.0 0.0 0.0 0.0
AVERAGE 11.1 17.0 14.9 92.8
HIGH 27.0 37.0 28.0 172.0
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ABSTRACT
MOLICEL ® rechargeable lithium cells have been cycled in batteries using
series, parallel and series/parallel connections. The individual cell
voltages and branch currents were measured to understand the cell
interactions. The observations have been interpreted in terms of the
inherent characteristics of the Li/MoS 2 system and in terms of a
singular cell failure mode. The results confirm that correctly
configured multicell batteries using MOLICELs have performance
characteristics comparable to those of single cells.
INTRODUCTION
The MOLICEL is based on the rechargeable couple lithium/molybdenum
disulfide. It is characterized by having high rate capability, high
energy density and good cycle life. The battery requirements of a
large number of applications can be met by using arrays of small cells
with capacities from 0.6 to 2.5 Ah. Such applications include lap
computers, portable con_nunications, consumer electronics and cameras.
The technology is by no means confined to the scale typified by these
examples. Larger cells of 45 Ah have been built using an upscaling of
the basic MOLICEL design. Table I gives some specifications for a
number of MOLICELs.
As will be seen, there are design trade-offs in the technology. For
example, capacity can be increased during manufacture at the expense of
cycle life. Furthermore, the user has many options to optimize the
matching of performance characteristics and demand requirements. Most
of the applications mentioned have cycle life requirements ranging from
i00 to 400 cycles. However, an intentional derating of the capacity by
using shallow discharge can extend the cycle life to 3000 cycles.
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All data given have been for single cells. The work reported here was
undertaken to find out how MOLICELs performed in series connected and
in series/parallel connected battery packs. In this regard, the
MOLICEL system has a number of characteristics which set it apart from
nickel-cadmium and lead-acid systems. Cell interactions within
batteries of MOLICELs are significantly influenced by the following
inherent characteristics of the Li/MoS 2 system:
sloping voltage
near 100% current efficiency
• large "reserve" capacity
near perfect capacity balance.
The sloping voltage arises from the fact that the chemical potential of
the cathode material varies with its state of charge. This does not
occur with conventional cells which use displacement reactions. When
MOLICELs are connected in parallel, the change of chemical potential
with state of charge introduces a negative feedback phenomenon which
tends to cancel any system imbalance. This effect works on both charge
and discharge. Obviously with series connected cells, balance cannot
be maintained by such a feedback mechanism.
The MOLICEL has no charge limiting mechanism comparable to the water
electrolysis of a lead-acid cell or the oxygen shuttle reaction of
nickel-cadmium cells. For this reason, the MOLICEL has 100% current
efficiency and low heat output• There is however no mechanism for
rebalancing cells within a battery pack.
A large reserve of capacity exists in MOLICELs and only a fraction of
the total energy in the active materials is utilized during the
standard cycling. The bulk of the normally non-utilized energy is only
available below I volt. This ensures that a low capacity cell cycling
in a series connected battery will not be driven immediately into
voltage reversal on discharge.
Finally, the capacity balance of fresh MOLICEL is extremely good. This
is achieved by an electrical preconditioning step at the factory which
fixes the amount of active cathode material based entirely on the
highly controllable parameters of current and time. As an example, in
a typical sample production run, the initial capacities were found to
be 0.805 Ah with a standard deviation of .017 Ah. After I00 cycles
(C/10 charge, C/5 discharge, 2.4 to i.i V) the capacities were
.639 Ah + .010 Ah.
From the foregoing, it would be expected that the cycling behaviour of
MOLICEL multicell batteries would show certain unique characteristics.
The initial capacity balance is expected to be excellent. The
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maintenance of this balance depends on individual cell capacity fade
rates. The effect of the inevitable imbalance on the battery
performance is somewhat difficult to predict• A series of experiments
was therefore undertaken to investigate the situation.
EXPERIMENTAL
Three types of experiments were carried out:
• single cell simulation of battery pack effects (fixed
capacity cycling)
• cycle testing of standard, balanced battery packs
• cycle testing of deliberately imbalanced packs.
Batteries were assembled as simply as possible using shrinkable
adhesive tape and spot welded nickel tabs. Cycling was carried out at
constant current in gravity convection ovens. A multichannel data
acquisition system recorded cell voltages and currents.
Two classes of AA size (0.6 Ah) cells were used for these tests• The
first were standard MOLICELs having passed all quality control checks.
The second were rejects which had failed quality control as a result of
having low capacity or exhibiting a self-discharge. The test
conditions for the latter were a maximum open circuit voltage loss of
.062% per day over 42 days. The capacity criteria are defined
earlier.
Fixed Capacity Cyclin_
This provides a convenient method of studying cell behaviour under
conditions closely approximating those of a series connected battery
pack (all applications currently envisioned will have series connected
cells). Charge and discharge cut-off points in series arrays are
determined by the overall voltage. Individual cells will cycle over
ideal limits only if the pack remains perfectly balanced. A cell with
lower capacity than the others will cycle over voltage limits which are
less than ideal•
Such a 'bad' cell will simply cycle over a capacity which will be
dictated by the operating capacity of the 'good' cells. Thus, cycling
of a single cell under fixed capacity conditions can be used to
simulate the battery environment. Tests were done at 21°C and 55°C
with C/10 charge and C/3 discharge. Even reject cells could achieve
more than 100 cycles when the nominal 0.6 Ah capacity was used.
However, at 0.9 Ah cycling, failure occurred after less than 30 cycles•
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In all cases the failure mode was the same. As can be seen from
Figure i (for a low capacity cell) and Figure 2 (for a self-discharging
cell) the voltage range over which the cells cycled increased until, at
the point of failure, the lower limit reached zero volts. At this
point the cells developed a permanent internal short circuit. This
failure mode is totally benign and has obvious advantages insofar as
the performance of series connected cells is concerned.
CyclinK of Standard Balanced Batteries
Batteries were cycled using groups of 8, 12 and 16 cells drawn from
standard production runs after qualification procedures. The batteries
were configured as shown in Figure 3. Results are presented in
Table II. The data confirm the excellent performance of MOLICELs in
multicell batteries. The capacities and cycle lives of batteries up to
16 cells are very similar to these of individual cells under similar
test conditions. This is true even at 60°C which is above the
recommended operating limit of 55°C. The capacity imbalance is
initially less than 2%. After the battery cycling at 21°C, the
imbalance generally rose to about 3%. At 60°C an imbalance up to 20%
was found after more than i00 cycles.
CyclinK of Imbalanced Batteries
Current quality control procedures at Moli Energy reject all low
capacity cells. There is however, a small but finite possibility that
a self-discharging cell might not be detected and would in fact reach
the customer. The imbalanced batteries were therefore tested using one
deliberately planted cell which was a self-discharging, Q.C. reject.
Batteries of 4 and 8 cells were configured as shown in Figure 4.
Cycling was conducted at 55°C to accelerate the degradation process.
The individual cell voltages at the start of cycling are shown in
Figure 5. The battery was initially well balanced except for the
planted cell (cell 4) which cycled at lower voltage than the others.
The cycle life performance of this battery was greatly degraded by the
presence of the self-discharging cell. The capacity declined by 50%
after only 80 cycles whereas a standard battery under similar test
conditions would achieve 150 cycles. Figure 6 shows that the capacity
decline is associated not only with the planted cell, but also with
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another cell. The planted cell subsequently cycled at ever lower
voltage and in fact was below 0.1 volts at end of discharge when the
test was terminated because of almost zero pack capacity. It can be
seen in Figure 6 that the second cell was also failing to recharge
completely. It also cycled over a low voltage range. It is
coincidental that a second cell in the pack behaved in this way
although the observation does reinforce earlier statements made about
the singular failure mode of MOLICELs.
Type II
Figure 7 shows a typical early cycle for this battery. It can be seen
that the planted cell (cell 4) carried high currents at the end of
recharge and correspondingly bore a disproportionate share of the
current at the end of discharge. An internal dendrite short would be
expected to produce such behaviour. At cycle 39 the battery was placed
on open circuit standby. Figure 8 shows the loop current which ran for
about i0 hours until the voltage had equilibrated at about 1.75 V.
This is to be expected for an imbalanced parallel connected battery.
All the cells are of course at the same voltage during charge. They
are not however, at the same equilibrium voltage due to differing
impedances and hence differing overvoltages.
The ultimate demise of this pack is shown in Figure 9. About half way
through the recharge, the planted cell took the full 240 mA charge
current. After going onto open circuit the battery equilibrated to
1.7 V showing that the cell did not have a "hard short". No safety
hazards were associated with this failure mode.
Type III
This battery exhibited good cycle life as shown in Figure i0. the
originally balanced limb remained virtually unchanged. Currents were
higher in this limb at the start of discharge and higher in the
imbalanced limb at the end of recharge. This is consistent with all
previous observations. This can be seen in Figure 11, where the
currents are plotted for both limbs but, for simplicity, only the
voltages for the imbalanced limb are shown. Sporadic soft shorting
occurred in one cell (cell 3) but the event was transient and the user
would be unaware of this either from the standpoint of battery
performance or cycle life.
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CONCLUSIONS
The operation of MOLICEL rechargeable lithium cells in batteries has
been found to be very satisfactory in spite of the absence of charge
limiting mechanisms. The initial very good capacity balance was
retained over many cycles with the result that battery performance was
indistinguishable from single cell performance under similar
conditions. The only exception to this was associated with the rare
and singular failure mode of MOLICELs which leads to a low impedance or
"soft short". This resulted in a performance penalty but no safety
hazard.
The presence of a low impedance failure mode is consistent with the
major findings of this study which are:
Best results will be obtained usingseries connections.
Reliability will be increased by matching cell size to
capacity requirements and avoiding parallel cell
connections.
Multicell arrays will perform best if series strings are
made to meet voltage needs and then parallel connection of
the strings are made to meet capacity needs. Avoidance of
the latter parallel connections by choice of cell size
will give performance and cost advantages.
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TABLE I - CELL CBARACTERISTICS
SIZE
MODEL
WEIGHT g
OPERATING VOLTAGE
!
!
I
I NOMINAL CAPACITY
I
I
CYCLE LIFE (TO 80% CAP)
OPERATING TEMP
CHARGE RETENTION
I
CHARGE RATE
AA A BE
06A600 06B800 51BI050 40A45000
22 24 30 1250
2.4 to 1.3 Volts
0.6 Ah 0.80 Ah 1.05 Ah 45 Ah
300+ I00 I00 300+
-30°C TO +55°C
90% After 1 year at 21°C
C/10
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Figure 3. Battery configurations of 8, 12 and 16 cells.
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Figure 4. Battery configurations of 4 and 8 cells.
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1.0 INTRODUCTION
A current spacecraft hardware program at the Johns Hopkins Applied
Physics Laboratory requires an ii00 ampere-hour, 250 pound battery. This
requirement can only be satisfied by a lithium chemistry battery. Several
lithium chemistry systems were investigated with 'several manufacturers. A
lithium thionyl chloride (Li/SOCI 2) F-size cell was selected.
To assess the safety hazard associated with a battery composed of
eight (8) modules each containing 72 F-sized cells, a fault tree analysis was
required by the program. Previous experience with lithium chemistry batteries
in the ALDOT (Air Launched Deep Ocean Transponder) and SARSAT ground
transmitter (Search And Rescue Satellite) programs enabled us to carry out
such an analysis efficiently. Much of the initial safety hazard assessment
for a single lithium chemistry cell was summarized in an internal APL report
available for government agency distribution only: "ALDOT Systems Safety
Analysis and the Li/SO 2 Battery," by O. M. Uy and R. H. Maurer, g.PL Report SOR
84084, August 1984.
This current report presents the results of the safety fault tree
analysis on the eight module, 576 F cell Li/SOCI 2 battery on the spacecraft
and in the integration and test environment prlor to launch on the ground.
2.0 ELECTROCHEMISTRY REQUIREMENTS
The battery requirement of the satellite is for a total capacity of
ii00 ampere-hours at a nominal 30 volts at 21°C and for a battery weight of
less than 250 Ibs. Figures 1-3 show the electrical and mechanical
configuration of the battery. This translates to a specific energy density of
at least 132 watt-hr/ib. A previous vendor survey for a battery requiring
only 750 ampere-hours resulted in proposals which would have utilized
Li/SOCI., Li/SO^, Li/CF and Zn/AgO cells, with only Li/SOCI 2 complying with
the energy denslty requlrement. When the battery capacity requirement was
subsequently increased from 750 to ii00 ampere-hours, the cells considered
were the Li/SOCI 2 and Li/SO2CI 2. Lithium sulfuryl chloride was quickly
abandoned however, because _t zs not as well developed as Li/SOCI 2. Thus the
electrochemical cells chosen in this program were _he F-sized Li/SOCl 2 ceils.
3.0
_UALITY ASSURANCE CONSIDERATIONS
In the fault tree analysis discussed later in this paper, it is shown
that manufacturing defects such as internal mechanical shorts between anode
and cathode or low cell capacities due to improper fill or failure of
hermeticity and current leakage due to lithium diffusion through the ceramic
insulator can lead to a decrease in the reliability of the battery and an
increase in risk with respect to safety. It was therefore decided that a
rigorous quality assurance procedure must be implemented with the cell
manufacturer, with proper controls for acceptance and qualification of cell
lots. We have chosen to incorporate the quality assurance documents from
NASA, 1'2 the U.S. Army 3 and Navy , and negotiated with the cell vendor in
order to come up with specific quality assurance procedures for the
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procurement of the battery, the flow-charts of which are shown in Figures
4-6. Even though these QA procedures are tailored to this program and this
vendor, APL will be procuring lithium battery systems with similar
specifications in the future.
4.0 SAFETY CONSIDERATIONS
Because of the high reliability and safety requirements of _he
program, the cells, as well as the electrical components used in the assembly
of the battery, are either space or military high reliability parts. For
example, the thermal fuses are 100% X-rayed and lot tested for thermal
performance. There are three thermal fuses per string so that every cell in
the battery is adjacent to a thermal fuse. Two blocking diodes are used in
series in order to preclude charging of a cell string in the event of a single
diode failure. The cells, modules and battery are subjected to random
vibration and thermal environments in order to screen out workmanship defects
such as weak solder or welding interconnections. Considerable attention is
paid to insure that the cells used in each string and module are manufactured
uniformly with respect to processes and materials. Finally, the sample cells
and batteries will be subjected to overdischarge, high-rate discharge, short-
circuit, heat-tape, capacity, vibration and thermal vacuum testing before the
flight and spare batteries will be accepted for shipment to APL.
5.0 DEVELOPMENT OF FAULT TREE ANALYSIS
The safety fault tree for the battery module is shown in Figures 7
and 8. It has been developed applying the principles of s_fety fault tree
analysis published in the IEEE Transactions on Reliability _, the Journal of
the System Safety Society 6' and the Reliability Design Handbook 7.
In the fault tree the Top Event whose occurrence is potentially
catastrophic leading to mission failure is the explosion or structural
fragmentation of a battery module originated by the explosion of one or more
cells in the battery pack. A single cell explosion may lead to the Top Event
if the module container fails to operate as designed and relieve the
overpressure condition; thus, a primary explosion may cause the Top Event. In
addition, a single cell explosion may cause the Top Event to occur by creating
overpressure and overtemperature conditions inside the battery pack which
damage or make other neighboring batteries unstable leading to a second
sympathetic explosion of such speed (less than I00 milliseconds) and force
that not enough venting can occur soon enough even with the module vents
functioning as designed (see Figures 7 and 8).
Basic events which either initiate the Top Event or enable it to
occur are shown as ovals in the fault tree diagrams. AND gates in the tree
are marked with A; OR gates with O. Intermediate and Top Events are shown as
rectangles. Due to the size of the fault tree, it has been split into two
figures with the intermediate event, single cell explodes, common to each main
branch in Figures 7 and 8 and shown in detail in Figure 9. Figures 7 and 8
show that a single cell exploding and the failure of the module vents or a
single cell exploding and the modul--_-operating nominally but with a
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sympathetic secondary explosion occurring can lead to the Top Event. The
assumption that has been madein the analysis is that if a single cell
explodes_ a secondary explosion of greater magnitude due to a multiple battery
explosion will follow with somenon-zero probability -- here very
conservatively taken as a probability equal to i.
The basic events causing a single cell to explode are shownin Figure
9. Note that we have assumedthat it is muchmore likely for a single cell to
explode in the primary explosion scenario than for several to explode
simultaneously. Wewould expect that a two or three cell primary explosion
would occur with a frequency approximately equal to the square or cube
respectively of the single cell primary explosion probability. This low
probability multiple battery primary explosion is to be distinguished from a
multiple battery sympathetic secondary explosion which seemsto be of a fairly
high probability once the unstable conditions created by the primary explosion
of a single cell are in existence.
Figure 9 is the part of the fault tree showing the possible causes of
single cell explosion. The branch of the tree under battery charging leads
directly to an overpressure condition so quickly that the individual cell vent
cannot prevent explosion from occurring. This charging condition can occur if
a cell in a given string of cells, which is parallel with other strings of
cells in the module, has low capacity relative to the other cells in the
string and if the two diodes protecting the string both either fail shorted or
have been installed backwards in any combination of these two fault
conditions.
In order to makethe various conditions necessary for the single cell
explosion to occur more understandable we will list the ten minimumcut sets
(Table i) for all critical system states leading to the event "Single Cell
Explodes" in Figure 9. The first set will be for the battery charging
condition explained above.
The ten sets of basic events have been determined from literature
search and discussion with experts involved with the manufacture and use of
lithium batteries for both military and commercial applications. In order to
determine the relative importance of the various branches in the fault tree,
estimates must be madeof the probability of occurrence of all basic events
which are then propagated through the fault tree by addition at ORgates and
multiplication at ANDgates. These estimates and the rationale for their use
are the subject of the next section.
After the original fault tree to estimate the module failure in the
spacecraft had been developed, we also estimated the safety hazard incurred if
modules were stored for one month on the ground during integration (Figure
8). The presence of an SO2 detector lowers the risk of undetected cell or
module venting and the consequent release of toxic gases in the vicinity of
integration personnel to about one chance in I0,000.
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Table 1
Minimum Cut Sets for Critical System States
for the Event "Single Cell Explodes"
Cell Char_ing
Io
2.
3.
Cell Low and Diodes Installed Backwards
Cell Low and Diodes Fail Shorted
Cell Low and one Diode Fails and the other is installed
backwards
OvertemDerature
io High Ambient Temperature and Cell Vent Struck or Slow
Internal Short (leading to OvertemDerature)
Io
2.
3.
Seal Failure leading to shorting condition and Cell Vent
Stuck or Slow
Single Cell Shorted by external wire or conductive debris
and Cell Vent Stuck or Slow
Manufacturing Defects creating internal short and Cell Vent
Stuck or Slow
High Rate Discharge (leadin_ to Overtemperature)
le
o
Multi-cell Short due to external wire or debris and Thermal
Fuse shorted and Thermal Switch shorted and Cell Vent
Stuck or Slow
One or more cells shorted to ground and Fuse shorted and
Thermal Fuse Shorted and Thermal Switc--_ shorted and Cel---_
Vent Stuck or Slow
Forced Overdischar_e (the rate may not be very hish)
lo Cell within string with low capacity and Other cells in
string with normal capacity and Thermal Fuse shorted and
Thermal Switch shorted and Cell Vent Stuck or Slow
98
6.0 PROBABILITIES OF FAULT TREE BASIC EVEl_S
The probabilities of the fault tree basic events for a single
spacecraft mission are shown in Table 2 together with comments about the
rationale behind the use of the numbers. Table 3 shows the probability of an
individual battery having a capacity which is 25% discharged.
It is readily seen that some of these basic event probabilities are
time dependent and that some (usually related to conditions existing at the
time of manufacture or to human factors) are independent of time. When the
probability of module failure in storage is estimated, all time dependent
basic event probabilities are multiplied by the number of hours in a month
(720) rather than the 168 hour value assumed for the duration of the
spacecraft mission.
The probability of failure for the diodes, gas sensors, relief valves
(vents) and fuses are calculated with models and data from MIL Handbook 217D
for the electronic parts 8 and the Nonelectronic Parts Reliability Data 9 both
compiled by the Reliability Analysis Center of the Rome Air Development Center
at Griffiss Air Force Base in New York. Base failure rates are taken from
life test da_a and are usually given at a 60% confidence level from testing
involving i0_ component hours or more. These base failure rates are
subsequently derated for several factors among which are
a) the environment that the part will be used in; e.g., Airborne,
Uninhabited Transport
b) the quality level of the part, e.g. commercial or military_ and
the level of screening that has been applied in the part
selection
c) in some cases, the current rating of the device
d)
e)
the application of the device, e.g. analog circuit with less
than 500 mA operating current.
a stress factor usually calculated as a ratio of the applied
voltage or power =o the rated vol=age or power of the device
f) in some cases a construction factor_ e.g. hermetically sealed
or matallurgically bonded.
These numbers are generally given as failures per million hours of operation
which is easily transformed into a rate of failures per hour for a single
unit.
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Basic Event
i. IN56i4 diode
fails short
m
e
e
Table 2
o
o
e
Basic Event Probabilities for Single Module
Probability of Failure
2.73xi0 -I0 per hour
Diode install- 10-4 per diode
ed incorrect-
ly
Fuse or therm" 3.89xi0 -7
al fuse fails
short
Comment
MIL Handbook 217D 8
number times 168 hours
flight time squared for
two diodes per voltage
string
Aeroj?t General Human
Error TM Rates Table;
square of probability
for single string
Non-electronic parts 9
reliability data times
168 hours flight time
times one fuse
Battery cell
shorted to
ground
10-4 per cell Experience with welded
wire board shorts times
72 cells
Battery cells
shorted to-
gether
Single cell
internal
manufacturing
defects
10-4 per cell Experience with welded
wire boards times 288
possible pairs to short
together
Non-electronic parts 9
reliability data times
72 cells
Single cell
short due to
conductive
fragments
10-4 per cell Experience with welded
wire boards times 72
cells
Fault Tree Number
2.10x10 -15
10-8
6.54xi0 -5
7.2xi0 -3
2.88xi0 -2
5.04xi0 -3
7.2xi0 -3
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Table 2 (Continued)
Basic Event Probabilities for Single Module
Basic Event Probability of Failure
8. Internal short 1.83xi0 -6 per hour
due to seal
failure
9. High ambient Ixl0 -6
temperature
i0. Individual Ixl0 -5
cell vent
stuck or slow
Ii. Explosion for Ixl0 -6
unexplained
reasons
12. Module vents
clog
5x10 -6 per hour
13. SO 2 sensor
on ground
malfunctions
3.5xi0 -6
14. Thermal
switch fails
to open
10 -4 per hour
Comment
SANDIA data II on new
cell seal times 168
hours flight times
times 72 cells
Fault Tree Number
2.21xi0 -2
Temperature greater than ixl0 -6
100°C highly unlikely
in spacecraft or storage
ixl0 -5
ixl0 -6
Non-electronic parts
data 9 on relief
valve
An estimate
Non-electronic parts
data 9 on failure of
mechanical couplings or
springs times 168 hours
flight time squared for
two vents
Non-electronic parts 9
data on sensors in gen-
eral times 720 haurs
per month on ground
Non-electronic parts 9
data on thermal switches
times 168 hours flight
time
7.06xi0 -7
2.52x10-3/month
1.68xi0 -2
101
Table 3
Probability of Low Cell Capacity
(25% Discharged)
Coefficient of Standardized
Variation, o/x Normal Variate,Z
Probability of Fault Tree Number
25% Discharge Cell Charging Forced Over-Discharge
0.09 2.78 2.7xi0 -3 0.194 0.151
MEAN-LOWER LIMIT X - LL
o
i) Calculate: Z = STANDARD DEVIATION
i LL'x/- 1-.75 .25
a/- _ oT-
X X X
2)
3)
4)
5)
Probability found assuming a normal distribution
72 cells in voltage strings for battery charging branch
56 cells in position for forced overdischarge branch of fault tree
Probability of other cells in string having nominal capacity (for forced
overdischarge)
Prob = p8 = (l_q)8 ffi0.979
where q is the probability of a single cell being 25% discharged
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When the mode of failure is also significant, data on the
distribution of failure modes has also been used. In assessing mission
reliability, whether a part fails electrically open or short may make no
difference since a subsystem will often fail to function in either case.
However, in assessing safety hazards it is often the case that only one
failure mode presents a threat. In the case of the battery module, diodes and
fuses must fail in a shorted condition for the various branches of the fault
tree to be able to initiate a catastrophe. For example, 90% of the time fuses
fail short or perform as if short because they are slow to open or exceed the
designed current rating.
As shown in Table 2 the values used for probability of failure are
multiplied by the number of hours, assumed to be 168 for the spacecraft
mission_ when they are time dependent and the number of parts when more than
one can be independently susceptible to failure at the same time. For the
storage case a separate table was not created but the numbers inserted into
the fault tree (see Figure 9) have been multiplied by 720 hours representing
one month of storage/integration time. Figures 10-13 show the numbers used in
the respective spacecraft and storage fault trees for basic events from Table
2 and for intermediate and top events as calculated by either multiplying (AND
gates) or adding (OR gates) as one proceeds up the branches of the fault tree
from the bottom.
Several more comments are necessary about the basic event
probabilities listed in Table 2. 'Mechanical basic event probabilities were
assigned from data on devices which were similar in function and operation.
The number on the individual cell vent being stuck or slow comes from data on
pressure relief valves but is not considered to be time dependent because of
the method of manufacture.
Probabilities for shorting to occur come from the authors' experience
with the fabrication of welded wire boards for space hardware and soldered
test boards for large designed reliability test programs.
Human factors probabilities are the most variable and the "softest"
numbers in the fault trees. Values pre_ented have been arrived at using the
Aerojet General Human Error Rates Table v for various common tasks plus
discussions with a safety expert at the Naval Safety Center in Norfolk,
Virginia 12.
Table 3 shows the probability of having an individual cell of low
capacity (ampere-hours) given the coefficient of variation (the ratio of the
standard deviation to the mean of the capacity for a set of samples) of the
cells as manufactured. Selection of the value 0.09 is the result of
discussions with the manufacturer. We defined battery low as being a 25%
discharged condition even though testing has most often concentrated on 50%
discharged cells. Thus, if the coefficient of variation of the lithium-
thionyl choloride cells is 0.09, a 25% discharge state is 2.78 standard
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deviations from the mean with a probability of occurrence of 2.7 x 10-3 .
last number comes from any table of probabilities for standardized normal
variates assuming a normal distribution for cell capacities.
This
The probability of an individual cell being 25% discharged (CELL LOW
in the fault trees) is then multiplied by the number of cells in the module
battery pack. Thus, "Fault Tree Numbers" presented in Table 3 are entered as
CELL LOW in calculating the frequency of occurrence of the Top Event of the
fault tree. In addition, (see Cell Char_ing branch) the probability for One
diode being incorrectly inst_lled is i0-_; for two to be simultaneously
incorrectly installed is I0-_. Actually, if one diode were inserted
backwards, the second one might also have a high probability of being inserted
in a like manner; however, a polarity check has been specified in the
fabrication process. The probability of this polarity check failing has been
judged to be the same order of magnitude as installing a diode backwards.
Thus, we maintain the i0 -_ value.
Some logic implicit in the fault trees will now be explained. Once
we have determined the probability for anyone of 72 independent cells having
low capacity or being shorted to ground or being internally shorted, we must
be careful not to overestimate the probability of protective devices such as
diodes, fuses or cell vents failing at the same time to enable the cell
failure to cause cell explosion. That is, any of 72 cells can have low
capacity or be internally shorted which is why the single cell probabilities
are multiplied by 72 in some cases in Table i. However, once a single battery
cell has low capacity or is internally shorted, it is only the vent for that
cell or the diodes for that cell's string or the fuse associated with that
cell that can simultaneously fail enabling single cell explosion to occur.
The failure of other vents, diodes, fuses, etc. not associated with the cell
in question would not enable the top event of single cell explosion to
occur. Therefore, the probabilities of failure for protective devices such as
diodes, fuses, cell vents, etc. are not multiplied by the total number of such
components in the battery module (see Table 2).
Table 3 also contains a column showing values for the Forced
Overdischarge branch of the fault trees. For this phenomena cells at the end
of strings are not included because voltage reversal cannot occur unless both
cell terminals are connected to neighboring cells in a series circuit. Only
the seven interior cells in the voltage strings - a total of 56 cells - can
experience this failure mode. Together with a single cell having low
capacity, the remaining cells in the same string must have nominal
capacities. The probability for nominal cell capacity in this case is p8 =
(l-q) 8 where q is the probability of one interior cell having low capacity.
In Table 2 the probability of f_ilure from an Internal Short due to
cell Seal Failure is given as 1.83 x I0- per hour, which, when multiplied by
the 168 hour flight time in the spacecraft and 72 cells in the battery pack
yields 2.21 x 10 -2 for the spacecraft fault tree (see Figure 12). For the
storage fault tree (see Figure 13), however, we do no____tmultiply by the 720
104
hours in a month. The shorting due to seal failure is a self-limiting process
in that as a crack in the seal becomes larger with time, there is less
capacity in the cell to supply the greater current that can now flow. The
Seal Failure Internal Short is a very slow physical mechanism and
consideration of both individual cell capacity and the level of current
necessary for heating lead us to conclude that sUch an internal short must
take place over a period of roughly 100-200 hours to generate heat fast enough
to create an OVERTEMPERATURE condition. For the Storage Fault Tree the Seal
Failure basic event probability has also been multiplied by 168 instead of 720
hours.
7.0 USE OF THE FAULT TREE
Two points must be emphasized at the outset of this discussion: A)
we have assumed that Failure of the battery module initiated by the explosion
of a single cell is equivalent to damage to the spacecraft; B) the main
usefulness of the fault trees and the purpose for which they are most valuable
is determining the relative importance of the various branches of the fault
tree and the sensitivity of the Top Event occurrence frequency to significant
changes in any of the basic event probabilities. The fault tree will show
which factors are most important to be improved or closely controlled in order
to make the Top Event frequency as low as possible within the limits of
practicality.
The "hardness" or absolute accuracy in many of the probabilities
presented in Figures 10-13 can be argued at some length. Thus, instead of
taking a given Top Event probability as a gospel value it is better to state
that if we relax stringent limits on quality control and don't do a good job
in the battery module design, our Top Event hazard probability may be as great
as 10-2 for the mission; while, conversely, if we do the best possible job of
quality control on components, and cells and do a good job on the module
design, our Top Event hazard probability may be as low as 10 -6 per module,
essentially that for explosion for unexplained reasons.
Likewise, the probability for an undetected Single Cell Venting
(Figure II) during one month's Storage/Integration is reduced from 3.43 x 10 -2
to 8.63 x 10 -5 per module by the use of an on-site SO 2 detector during
integration. The probability of a single ceil venting is calculated from
Figure 13 with the basic event Cell Vent Stuck or Slow probability set equal
to one (the cell vents as it is supposed to; no explosion occurs9 but gases
are released from the battery module).
8.0 CONCLUSIONS
The analysis has shown that with the right combination of blocking
diodes, electrical fuses, thermal fuses, thermal switches, cell balance, cell
vents and battery module vents the probability of a single cell or a 72-celi
module exploding can be reduced to I0 -u, essentially the probability due to
explosion for unexplained reasons. This one chance in a million value for the
module is quite conservative since we have assumed (see Figure i0) that if a
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single cell explodes, then one or more additional cells will also explode in a
sympathetic secondary reaction even though the module vents
operatenominally. This certainty of an uncontrollable secondary explosion
seems to us to be the only reasonable assumption based on the present dearth
of data for battery modules of the present design and for cells of Li/SOCI 2
chemistry.
For one month of integration an4 test of the spacecraft on the ground
the probability of module failure is i0-° (Figure ii) as stated above. Of
equal importance we have considered the possibility o_ a cell venting (the
cell vent operates correctly in Figure 13 and the i0-_ probability of the cell
vent being stuck or slow is replaced by 0.99999) and releasing toxic gases
that may injure personnel. The probability of a cell venting has been
calculated as 3.43 x 10-2 in Figure 13. We can reduce the probability of
personnel exposure by the use of a sulfur dioxide monitor in line with the
module vent manifold. An audible alarm will be triggered whenever the
concentration of SO2 exceeds I ppm in the manifold. The left side of Figure
ii shows that this reduces the probability of an undetected toxic gas release
to 8.63 x 10 -5 per battery module or about 7 x 10-4 for the complete
spacecraft battery.
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I. Introduction
For some time the Navy has been concerned about the hazards associated
with charging of lithium/sulfur dioxide cells. This concern is based on
earlier verbal reports and also exploratory investigations both of which
indicated that charging of these cells can result in explosion.
Based on these initial inputs the Navy deemed it important to examine the
charging of these cells in greater detail. For this reason the Navy initiated
a joint program with the Jet Propulsion Laboratory to study the charging of
these cells.
Initial focus of this program was to confirm that charging can indeed
result in explosions and thereby constitute a significant safety problem.
Results of this initial effort clearly demonstrated that cells do indeed
explode on charge and that charging does indeed constitute a real and severe
safety problem. These conclusions were based on numerous experimentally
demonstrated explosions of sonobuoy cells that had been partially discharged
and stored prior to charge at high rates [1,2].
Subsequent efforts of this program were focused on determination of the
causes for the observed explosions. In particular, it was desired to resolve
two major issues. The first of these was to determine if the explosions were
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influenced by the type and size of cell and also its operating conditions. The
second was to determine the most likely chemical processes that are involved
and could explain the origin of the explosions.
A report is in preparation on results of investigations dealing with the
impact of cell type and size as well as charge conditions on the explosions
(3). Therein it will be shown that the occurrence of explosions is rate
dependent and appears to be generic for lithium/sulfur dioxide cells.
This paper describes results of the second effort to identify the chemical
reactions involved in and responsible for the observed behaviors.
2. Experimental
Two types of cells were employed in this investigation. The first
consisted of the commercial spiral wound, high rate cells described previously
[1,2]. The second was a laboratory type cell installed in a glass assembly.
This section contains a brief description of these cells as well as the
procedures employed in handling and disassembling them for analyses. The
analytical methods were the same for both types and are also described herein.
The commercial cells were Duracell type LO30SH with the cylindrical
configuration and contained spiral wound electrodes. The cells were
hermetically sealed in steel cans, and were carbon limited in design; rated
capacity of these was 4.2 amp-hr at the C/2 discharge rate.
The lab cells consisted of small parallel plate electrodes immersed in a
commercial SO 2 solvent/electrolyte mix. These components were housed in sealed
laboratory glass hardware. The electrode assembly consisted of two outer
lithium electrodes that sandwiched one inner carbon electrode. Lengths,
widths, and thicknesses of the two lithium electrodes were 0.5 in., 0.5 in.,
and 0.018 in. respectively. Corresponding dimensions of the carbon electrode
were 0.5 in., 0.5 in., and 0.033 in. Relative sizes of the two electrodes were
selected so that the cells would be carbon limited, like the commercial cells,
and capacities were I00 mah. The solvent/electrolyte contained 7% lithium
bromide, 23% acetonitrile, and 70% sulfur dioxide by weight.
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Both the lab and commercial cells were operated in a similar manner in
this investigation. The operation typically consisted of first discharging
them 20%, then letting them stand, and then placing them on charge. Operating
current densities were the same for both types, and specifics are shown in
Table I. The cells were disassembled in the fresh, discharged, and charged
conditions.
The lab cells provided a great deal of versatility to this investigation
and permitted controlled and visual operations not possible with the commercial
cells. With the glass hardware it was possible to observe the electrodes and
color changes in the solution as described herein.
Disassembly of the commercial cells in the charged condition was not
treated lightly in that this is a potentially hazardous operation. For this
reason, the following procedures were devised and used in disassembly of these
cells in the charged condition.
These operations should only be done in proper facilities because the Li-
SO 2 cells may detonate during the process. It is important that each new o_
modified type of cell be x-rayed so that the operator will not cut through the
electrode structures during the disassembly operation.
A. The cell is charged to some given point prior to venting or
detonation. If the cell vents it is best to continue the charging to
detonation which usually occurs in less than a minute after venting.
B. Stop the charging current and remotely and quickly quench the cell
with liquid argon (-189°C: 84°K). Liquid nitrogen is not used for
this purpose because it can react with lithium metal if the cell
vents or detonates and create added safety problems.
C. When the frozen cell voltage drops to neaz zero for a period of 30
minutes, the fill tube of the cell is then opened by an operator
using proper protective gear. Care should be used that the filling
tube orifice is open and will allow the passage of gases and liquids.
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D. The frozen cell is stored in a pumped vacuum chamber, (less than
10mm), with the open fill tube pointing in a downward position for 2
or more days. The voltage of the cell should be 20 millivolts or
less at this point. Any static electrical charge applied at this
point to the cell terminal may cause the cell to detonate.
m. The cell is cut open in a dry argon atmosphere, and components are
stored in an argon gas environment. Care should be taken in this
operation in that the cell stack is quite active as evidenced by some
crackling noises that originate at the anode. Also the anode
materials appear to be sensitive to any form of static electrical
energy.
Because of the much smaller amounts of active materials in the lab cells,
the disassembly of these in the charged condition was not deemed as hazardous
as that of the commercial cells. For this reason the disassembly of these was
carried out with customary precautions and equipment for laboratory operations
(safety glasses, face shield, etc.). In order to avoid contamination, the
cells were disassembled in a dry room instead of a glove bag as above.
Components were removed and processed into samples.
The analytical techniques employed were the same for samples of lab and
hardware cells. These techniques consisted of ultraviolet (UV) visible,
Fourier Transform Infrared (FTIR) spectroscopic analyses, as well as Scanning
Electron Microscopy (SEM), and Energy Dispersive Spectroscopy (EDS).
3. Experimental Results
The lithium anode of the undischarged, discharged, and discharged-then-
charged cells were markedly different in their behavior and physical appearance
even though their chemical analyses were similar. SEM pictures of the three
types of electrodes are shown in Figures 1 and 2. The undischarged and
discharged lithium electrodes were both coated with crystalline platelets. The
lithium electrodes which had been partially discharged and then charged were
quite different in appearance. They were covered with rough, dull gray, non-
adherent deposits which appeared to be composed of fine filaments or dendrites
when studied by SEM. Upon removal from a cell and subsequent drying, these
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lithium electrodes were found to be very reactive. Also these charged lithium
electrodes, particularly those from commercial cells, were found to sputter and
yield cracking sounds when cut with a scissors or hit with a hammer. Finally
the charged lithium electrodes that were freshly removed from a cell were
observed to burn when exposed to dry air. No similar behavior was observed
with uncharged electrodes.
Diffuse reflectance FTIR spectroscopy [4] was used to study the surface
films on the three types of lithium electrodes. This technique was chosen to
minimize disturbance of the anode-surface films. As is clear from Figure 3,
the surfaces were chemically similar. The major component was Li2S204 (peaks
at 1075, 1025, and 910 cm "I) with traces of Li2SO 3 or Li2SO 4 (peaks at 975 and
655 cm'l). Peaks in the 1150 1250 cm "I region are assigned to traces of
lithium polythionates [5,6].
The deposit/film on the lithium electrode was examined by EDS and found to
contain Li, S, and O in the ratio of approximately 2:2:4. This result supports
the assignment of Li2S204.
The carbon cathodes were examined in a similar manner to that described
above. Upon removal from the cells, these cathodes were quite benign and did
not sputter and crack like the lithium electrodes. Diffuse reflectance FTIR
measurements were made on the carbon cathodes from fresh, discharged, and
charged cells. Spectra for each of these cathodes were found to be quite
similar and are shown in Figure 4. The peaks are assigned to Li2S204 (1043,
1027, and 921 cm -I) [7]. These results indicate that Li2S204 is the
predominant species in all three types of cells (the smaller peaks at 1237 cm -I
are attributed to traces of polythionates). This finding is not unexpected in
the case of the discharged cells in that Li2S204 has been reported as the end
product of the cell reaction. The presence of some Li2S204 in the fresh cell
may be attributed to short duration test discharges applied by the cell or
sonobuoy manufacturer before delivery of the units.
Figure 5 illustrates the effect of charging on the aluminum grid current
collectors of the carbon cathodes. Shown therein are the grids from three
cells subjected to varying amounts of charge. The grids on the left designated
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as "discharged" were from cells that received no charge. These appear quite
smooth. The grids in the middle designated as "discharged and charged" were
from cells that were discharged 209 of capacity and then recharged back to full
capacity. These appear to be slightly corroded. The grids on the right
designated as "charged excessively" were from previously discharged cells that
were charged approximately 3009 of capacity. Comparison of these grids
indicates that charging causes corrosion which is dependent upon the amount of
applied charge. The corrosion is believed to be caused by bromine (Br2) which
is formed by oxidation of bromide ions at the carbon electrodes during charge.
The laboratory cells were used in another series of runs to examine the
time-dependence of cell open circuit voltage after charging. The procedure
consisted of charging both fresh and partially discharged cells and then
terminating charge and monitoring cell voltages. Results, shown in Figure 6,
reveal a difference in the voltage behavior of the two types. At the start of
the stand period, both cell voltages were noted to be near 3.6 volts. After a
few minutes, the voltage of the partially discharged cell was noted to decline
to 3.0 volts while voltage of the fresh cell remained at 3.6 volts. Color
changes were also noted for the solvent/electrolyte of these cells. After the
start of charging, the color of both solutions changed from colorless to a dull
red. After termination of charge, the solution of the fresh cell remained red
while the color of the partially discharged cell began to fade. The fading of
the latter solution occured after a few minutes of standing and corresponded to
the decline of cell voltage.
These results were attributed to the formation of bromine during charge
and subsequent rapid reaction of the Br 2 with Li2S204 in the case of the
partially discharged cell. Support for the formation of bromine is given by
the observed voltage of 3.6 volts which corresponds to that of the Li-Br 2
couple and also the reddish color which is associated with bromine. Support
for the reaction of bromine with Li2S204 is based on favorable thermodynamics,
the known reaction of the two, and the intimate contact of these two at the
carbon electrode during charge. The persistance of the red color in the
solution of the fresh cell is explained by the absence of significant amounts
of Li2S204 in that this cell was not discharged. Finally it should be pointed
out that after about I0 hrs the solution color in the freshly charged cells had
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faded and cell voltage returned to 3.0 volts. This observation is explained by
the slow diffusion of bromine to the lithium electrode and consumption of
bromine by the Li-Br 2 reaction.
6. Conclusion
The finely divided particles on the surface of the lithium electrodes
after charging are believed to be comprised of a mixture of Li2S204 (as shown
by FTIR & EDS) and metallic lithium. The Li2S204 may be in the form of a layer
that encapsulates the lithium. This mixture would be expected to form as
freshly reduced lithium reacts with SO 2 in the electrolyte.
The pyrophoric behavior of the charged lithium electrodes is attributed to
the reaction between the Li and Li2S204. Support for this explanation is based
on the work of Kilroy who showed that the mixture of these two reacts quite
readily and exothermically [8]. The rapid and highly exothermal nature of the
reaction for these particular samples is attributed to the fact that the
mixture is very finely divided.
Based on our experimental observations the following reactions are deemed
possible at the lithium electrode during charge:
Li + + e- -.......... _ Li °
Li ° + SO 2 ........... _ Li2S204
2Li ° + Br 2 ........... _ 2LiBr
Li2S204 + Br 2 ........... _ 2LiBr + 2SO 2
(Electrochemical) (I)
(Chemical) (II)
(Chemical) (III)
(Chemical) (IV)
Equations I-IV give reactions at the lithium electrode. Equation I describes
the predominant electrochemical reaction which is the reduction of lithium ions
to form lithium metal. Equations II and III give two overall chemical
reactions in which the lithium can be consumed. Equation II gives the reaction
for oxidation of the lithium by the SO 2 which is part of the solvent/
electrolyte. Equation III gives the reaction for oxidation of the lithium by
Br 2 which diffuses from the cathode, where it is formed, to the anode.
Equation IV describes another chemical reaction of the evolved Br 2. This
consists of oxidation of the Li2S204 film on the anode. In a partially
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discharged cell, Equations III and IV will be relatively minor in that most of
the Br 2 will be consumed by reaction with Li2S204 at the carbon electrode.
Equations V and VI give reactions at the carbon electrode. Equation V
describes the predominant electrochemical reaction; the oxidation of Br" ion in
the electrolyte to form elemental Br 2 as suggested above. Equation VI
represents the chemical oxidation of Li2S204 by the Br 2. The only difference
between this and Equation IV is that in Equation VI the Li2S204 is on the
carbon electrode where the Br 2 is formed and there is no diffusion required for
contact of the two.
2Br" -........... Br 2 + 2e"
Br 2 + Li2S204 ........... _ 2LiBr + 2S02
(Electrochemical) (V)
(Chemical) (VI)
Equations VII and VIII give reactions at the aluminum grid portion of the
carbon electrode. Equation VII describes the oxidation of the grid by the
evolved Br 2. Equation VIII represents the subsequent chemical reaction of
AIBr 3 with Br" from the electrolyte to form AIBr_ ion.
2 AI + 3 Br 2 ........... 2AIBr 3 (VII)
AIBr 3 + Br- -......... _ AIBr¼ (Vlll)
Results suggest that the explosion which can occur when a lithium/sulfur
dioxide cell is charged may result from a combination of events. First, very
reactive lithium metal, in the form of high-surface area dendrites, is
deposited on the lithium electrode. This metal then reacts with the SO 2 in the
electrolyte to cover each dendrite with a layer of Li2S204. An explosion may
then caused by a run-away reaction involving the finely divided particles of
lithium, Li2S204, SO2, and other cell components. This run-away reaction can
be initiated in a variety of ways. It is believed that in a high-rate charging
experiment, the reaction is most likely initiated by thermal means. The
required initiation temperatures are produced by the heat released from a
variety of reactions including those between Li and SO2, Br 2 and Li2S204, as
well as Li and Br2, and AI and Br 2. Additional heating is caused by the cells'
resistance to the flow of current (12R heating). Monitoring of cell
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temperature during charging and theoretical studies of cell heat balance
(calculations involving heat added, heat lost, and cell heat capacity) support
this hypothesis for "normal" charging.
Although the thermal explanation for initiation is quite straightforward
and can account for most of the observed behaviors, it should be pointed out
that other possible explanations exist. For example, the explosions can
sometimes occur in charged cells by application of a physical blow. In this
case the initiation could be attributed to mechanical shock.
It is the goal of this study to gain a quantitative understanding of the
relationship between charging and subsequent hazardous reactions or explosions
of lithium/sulfur dioxide cells. Some progress has been made in reaching this
goal in the work described herein and additional results of electrical tests to
be reported in a forthcoming document [3]. Although results to date have not
been shown to be entirely reproducible, the variations which can and do occur
are most likely related to differences in cell design and history. Until this
matter is completely resolved there remains a degree of uncertainty between
"probably safe" and "clearly dangerous" cells under conditions of charging.
For this reason, extreme care should be taken to avoid charging lithium/sulfur
dioxide cells.
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TABLE I. EXPERIMENTAL CONDITIONS FOR CELL TESTS
Analyzed electrodes from lab and commerical cells in 3 states
- Undischarged
- Discharged 20%
- Discharged 20% and then charged
Conditions for discharge/charge
Parameter Lab Cell Commercial Cell
Discharge current i0 mA 66 mA
Discharge duration 2 hrs. 24 hrs.
Discharge output 20 mAh (20% DOD) 1.6 Ah (20% DOD)
Charge current I00 mA (20 mA/cm 2) I0 A (20 mA/cm 2)
Charge duration 8 - 15 min. 8 - 15 min.
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ABSTRACT
The principal activities of the Energy Storage Section of the
Space Research & Technology Center (ESTEC) of the European Space
Agency are presented. Nickel-hydrogen and fuel cell systems
development are reported. The European Space Battery Test Center
(ESBTC) facilities are briefly described along with the current test
programs and results obtained.
INTRODUCTION
Whereas nickel-cadmium batteries have been used for the vast
majority of past ESA spacecrafts, the enormous diversification in
energy storage requirements for future missions such as COLUMBUS (the
European contribution to the US space station), HERMES (the European
Space Transportation Vehicle) and deep space scientific missions, has
led to a rapid increase in development activities for new energy
storage systems.
The majority of test programs in the ESBTC involves nickel-
cadmium batteries but the situation will change as prototype hardware
from the new system developments is delivered for evaluation.
ESA BATTERY DEVELOPMENT ACTIVITIES
The main activities are summarised in Table I. Nickel-hydrogen
and fuel cell systems development will be described in more detail.
The growing interest in deep space missions has led to studies of
suitable primary power sources. Work has started on the adaptation of
lithium sulfur dioxide cells for such applications.
The high energy density prospects, coupled with encouraging
lifetime and reliability data, brought ESA to start feasability
studies on using sodium-sulphur batteries for various types of
mission.
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Ni-H2 IPV CELL DEVELOPMENT FOR GEOSTATIONARY APPLICATIONS.
ESA is providing support in certain area to the Ni-H2 individual
pressure vessel (IPV) cell development for GEO applications headed by
the French national space center (CNES) under a substantial Research
and Development program with SAFT.
The key features of the Ni-H2 cell developed by CNES are
presented in Table 2 and figure I. The cell, which operates at a
maximum pressure of 75 bars and covers the capacity range 30-50 Ah is
notable for the one-piece sleeve. This is an integral part of the
mechanical cell design contributing to the high safety factor of 4.
The sleeve is of course an integral part of the cell thermal design as
well. This sleeve concept also offers a small mass saving over the
conventional split-sleeve design.
The nickel electrodes are fabricated by the aqueous
electrochemical impregnation process, the reproductibility of which
has been improved by greater control of the impregnation bath
parameters. Individual electrode capacity is 1.90 Ah at 20°C in
flooded KOH which gives a value of 0.146 Ah/g and 0.044 Ah/cm2. The
50 Ah cell has an energy density of 50 Wh/Kg and a volumetric energy
density of 70 Wh/l.
ESA has been in charge of the development of a thermal model of
the cell-sleeve assembly. A 59-node computer model (SINDA program)
has been developed by Aerospatiale and indicates that a 5°C maximum
temperature gradient between cell stack and inside pressure vessel
will exist during 70 % D.O.D geostationary cycle conditions with a
recharge factor of 1.2. A thermal vacuum test will be carried out to
validate this result.
This test is part of a large CNES validation test program on the
50 Ah cell, due to be completed by December 1987. The final step will
be a qualification program to be finished in mid 1988.
GEO Ni-H2 BATTERY ENGINEERING MODEL DEVELOPMENT.
The geometry of nickel-hydrogen cells requires that careful
consideration be given to thermal and structural battery design.
Furthermore due the volumetric energy density disadvantage compared to
Ni-Cd, particular attention is required to maximise the packing
density of the cells into the battery assembly. Finally, the battery
mass to total cell mass ratio has to be kept as low as possible.
ESA has a development contract with BRITISH AEROSPACE (U.K) and
SAFT (F) for the manufacture and testing of a battery engineering
model designed to a European communication spacecraft specification.
The design concept is presented in figure 2. The cells are bounded to
an AI thermal sleeve (either of a split or one piece concept) mounted
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via a flange to a light support base plate to the opposite side of
which is mounted a thin radiator plate. A cavity is provided in the
thickness of the base plate so that the cell, with its terminals
positioned downwards partially projects into it. Protection by-pass
diode circuitry using the base plate as heat sink is provided for each
cell. This packaging concept couples good thermal design with a very
short harness length. The design accommodates SAFT 81 nm_ diameter
cells in the 40-50 Ah range.
Ni-H2 CPV DEVELOPMENT FOR LEO APPLICATIONS
ESA secondary batteries for current LEO spacecrafts such as
ERS-I and EURECA are based on Ni-Cd technology. Qualified cells up to
40 Ah are now available in Europe. Nevertheless a 50% saving in
battery mass might be expected if nickel-hydrogen cells were used
instead.
ESA Ni-H2 technology development for LEO applications is
primarily driven by the COLUMBUS project where power levels in the
range of 5 Kw to 20 Kw are required. An investigation of alternative
Ni-H2 technologies (IPV, CPV, Bipolar) that could satisfy COLUMBUS
needs was performed by HARWELL (U.K) (I) and led to a preference of
Ni-H2 CPV (Common Pressure Vessel) cell option.
A contract for the design and validation of a complete 80V,
3.3Kw CPV Ni-H2 battery module including integral active thermal
management and with a lifetime requirement of 18000 to 30000 cycles,
was awarded to MARCONI SPACE SYSTEM (U.K) with HARWELL (U.K) as a
subcontractor.
An initial design trade-off study led to the selection of a
battery based on a spherical, 50 Ah dual-stack CPV cell. The cell
design in shown in figure 3a. The final choice had been between this
concept and a more conventional cylindrical 2-stack CPV design (figure
4a) .
Both cells operate at 40 bar maximum with an Inconel 718 pressure
vessel and incorporate LEO and CPV design requirements. Concentric
current collectors are used, which in conjunction with the end plates
fully contain each stack. This containment is mandatory to avoid any
electrolyte bridging or electrolytic corrosion of the pressure
vessel. Water transfer, caused by migration of free oxygen, is
controlled by recombining any oxygen within the cell from which it was
produced. The electrode expansion during cycling is accommodated by a
system of Belleville washers. The stacks include electrolyte
reservoirs. A good thermal link is provided between the two stacks in
order to have isothermal stacks and the stack thermal design is such
as to maintain a temperature difference between the stack and the
pressure vessel at less than 8 deg.C.
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The geometrical difference between the two designs arises from a
radical change of the thermal design (figures 3b, 4b). In the
cylindrical design the stack is cooled at its outer periphery, via a
hydrogen gap, through the pressure vessel wall to the thermal sleeve.
In the spherical design the stack is cooled via an insulated central
support tube, itself supported on a thermally conductive pillar. The
rest of the pressure vessel can then be designed to the lightest
possible geometry. Although the cooled contact area is smaller than
in the conventional design, it is possible to provide a much better
thermal contact with the stack. This thermal and mechanical design
uses electrodes of a larger diameter (120 mm as opposed to 84 mm
selected for the cylindrical cell).
Another feature of the spherical design is that the 2 contained
stacks are independent units which greatly simplifies the cell
assembly. The stacks are supported to the central Inconel tube , which
also acts as a tie rod, via the positive inner current collector and
the series connection is performed by connecting the inner collector
of one stack to the outer collector of the other one as opposed to the
cylindrical design where the central tie rod forms the series
connection.
The expected energy density for both optimised designs is around
43 Wh/Kg (including the sleeve).
The two cell designs lend themselves to rather different battery
packaging schemes:
- Cylindrical design
The cell is centrally mounted by a short thermal sleeve, itself
coupled to a mounting plate incorporating a fluid loop or heat pipes.
- Spherical design
The cells are mounted on either side of a support plate by mean
of a mounting flange at the base of the thermal pillar. The plate is
formed in two halves sandwiching an active cooling loop or heat pipes.
Thermal analysis of the cell and of the mounting plate for both
designs at 40% DOD indicates that in order to maintain a maximum cell
stack temperature of 20 deg.C, a mounting surface temperature of 5.7
deg.C is required for the spherical CPV which then shows an inside
maximal thermal gradient of 6.2 deg.C whereas the figures for the
cylindrical gives 7.7 deg.C and 5.3 deg.C.
The volumetric energy density is of course lower for the
spherical CPV cell (32 Wh/l against 45 Wh/l) but the overall battery
volume is about the same for both battery modules because of the lower
foot print area of the spherical CPV on the supporting plate, which
still leaves room for protection diode circuitry.
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FCS AND RFCS PRE-DEVELOPMENT
For a manned re-entry vehicle such as HERMES, with mission
durations up to 28 days, a primary Fuel Cell System (FCS) is the only
realistic choice of power source.
Of the electrochemical secondary power sources that can be
considered for longer term high power applications in LEO (such as
COLUMBUS AOC (Advance Orbital Configuration), a Regenerative Fuel Cell
System (RFCS) appears to be a promising choice. This system consists
of a O2-H2 fuel cells to provide energy to the spacecraft during
eclipse periods and of an electrolyser which regenerates the 02 and H2
reactants during sunlight periods by electrolysis of the water
produced by the fuel cells.
ESA is presently running pre-development studies for both
applications. It is intended that the fuel cell system chosen for
HERMES will also be used in the RFCS. Design requirements are
presented in table 3.
The different Fuel Cell Systems under consideration are alkaline
(with mobile or immobile KOH electrolyte) or acid (with Solid Polymer
Electrolyte [SPE]).
For the regenerative fuel cell system design trade-off studies of
these different fuel cell options, coupled with electrolyser and
ancillary mechanical sub-systems (gas-liquid separators, reactant
storage technologies, pumps) are presently underway. One of the RFCS
concepts proposed by DORNIER is presented in figure 5. This design is
based on a mobile KOH system which is representative of the state of
the art in Europe. The KOH electrolyte loop participates in the
thermal management of both fuel cell and electrolyser and a gas/
electrolyte separator is necessary. The reactant gases are stored in
pressure tanks provided with electrical heaters to prevent
condensation of water.
The main steps in both FCS and RFCS development are as follows:
Selection of system concept: KOH (mobile-immobile); SPE
System design trade-offs
Optimization of the water removal system
Development of reliable separators for space
Optimisation of heat rejection concepts
Selection and testing of materials
Optimisation of system architecture
Acquisition of lifetime data.
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TABLE 1 : MAIN ESA ELECTROCHEMICAL POWER SOURCES DEVELOPMENT PROGRAMS
ITEM
Ni-H 2
Ni-H 2
RFCS
FCS
Li PRIMARY,
J
Na/S
TYPE
LEO
LEO
LEO
VEHICLE
DEEP SPACE
PROBES
LEO
GEO
DEVELOPMENT
30-50 Ah IPV
+ ONE PIECE SLEEVE
40-50 Ah
BATTERY E.M.
50 Ah CPV
80V. 3.3KW
BATTERY MODULE
TRADE-OFF DESIGN
STUDIES
KOH (MOBILE-
IMMOBILE) SPE
I0 AhD-SIZE CELL
8 YEARS SHELF LIFEI
c/4 PATE
EVALUATION
APPLICATIONS
TELECOM. SATELLITES
TELECOMo SATELLITES
COLUMBUS IOC
20 KWMODULE
COLUMBUS AOC
4 KW MODULE HERMES
TITAN PROBE
(c_ssmr)
BASIC DEVELOPMENT
'PRIME/SUB CONTRACTORS
SAFT/AEROSPATIALE (F)
UNDER CNES MANAGEMENT
sAe (.K)/SA_ (F)
ELECTRONIK CENTRALEN
_cowi/_LL (OK)
DORNIER SYSTEM (D)
BTC _NTU_ (OK)
TO BE CHOSEN
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TABLE 2 : CNES-SAFT Ni-H2 CELL KEY FEATURES.
MECHANICAL 6LECTROCllEMICAL
Pressure vessel:
Thin walled 81 mm in
diameter with 2 hemls-
-spherical end caps
Material:
Inconel 718 heat treated
Stack:
Back to back circular
with flats supported on a
central tie rod and two
rigid end plates.Bellevil
-le washers to accommoda-
-re stack expansion
Terminals:
Ceramic feedthroughwith
Ni plated braze.Both
located at one end cap
Filling Tube:
45 deg. off-set
Hydrogen pressure:
5/ P/ 75bars
Sleeve:
One piece
Light AI alloy
Safety factor:
4 at for cell+sleeve
2.5 mini. for cell only
Positive electrode:
Nickel plated perforated
steel substrate,
Ni(OH)2 electrochemically
impregnated on sintered Ni
powder
Negative electrode:
Expanded Ni grid substrate
Porous layer of active C
with Pt catalyst.Hydropho-
-bic porous PTFE
Separator:
Non woven polyamide felt
extending to vessel wall
Gas screen:
Woven nylon
Electrolyte:
KOH 7.3 N
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Figure 1. CNES-SAFT 50 Ah Ni-H 2 Cell.
SLEEVE
PV
RAD[ATOR PLATE _"/
PLATE
Figure 2. Ni-H 2 Battery Design Concept.
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SPHERICAL
CPV CELL
Figure 3a. Spherical CPV Cell Design.
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Figure 3b. Spherical Cell Thermal Design Concept.
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CYLINDRICAL
CPV CELL
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Figure 4a. Cylindrical CPV Cell Design.
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Figure 4b. Cylindrical Cell Thermal Design Concept.
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,ORIGINAL PACE IS
OF POOR QUALITy
TABLE 3: COMPARISON OF MAIN DESIGN REQUIREMENTS
REP,_S COLO_US AOC
AVJ_P.,AGI PO_q_l_ t,KVIL 4 kW 20 kW
VOLTACE LEVEL 85-135 VI)C 150 VDC
MISSION DURATION II (28) DAYS 5 YEARS
OPERATING TIME 30 DAYS max, 90 DAYS min.
BETWEEN MAINTENANCE
ORBITAL REPLACEMENT UNIT NO YES
OPERATION DURING LAUNCH YES NO
REACTANT STORAGE CRYOGENIC PRESSURE TANK
GAS/LIQUID SEPARATOR YES YES
Figure 5. Mobile KOH RFCS.
151
ESTEC BATTERY TEST ACTIVITIES
The main test activities are presented in table 4. These include
battery lifetime tests, product comparisons, battery management
evaluations and support to spacecraft projects. All these tests are
performed at ESTEC in the European Space Battery Test Center.
In addition to these tests, experimental cell thermal studies are
carried out under contract.
EUROPEAN SPACE BATTERY TEST CENTER (ESBTC)
Commissioned in 1978, the ESBTC is a large automated test facility
designed to monitor up to i00 test stations, with a total capability
of 2000 measurement channels (2). The overall ESBTC test control,
data acquisition and data processing systems are presented in figure
6. This is based on a dual DEC PDP 11-45 computer which provides test
control and data recording on all active test stations.
Measurement channels are scanned as a minimum every 57 seconds.
Raw test data are accumulated on magnetic tapes (day tapes) and sent
in parallel to an HP-1000F computer dedicated to data processing.
Recent data (up to 3 weeks) are stored on large individual disk files
rapidly accessible for checking test progress. Periodic data transfer
to magnetic tapes is performed for archiving.
In order to obtain the higher level of system flexibility of the
system as well as test sophistication now required, the 'centralised'
system is in the process of being gradually replaced by a
'decentralised' system As indicated in figure 6, each test station
will be under direct control of a dedicated microcomputer and have its
own data acquisition unit. The link to the HPI000F system will be
conserved, allowing this machine to continue to be used for fast
processing and archiving of large data files.
Ni-Cd LEO LIFETIME ASSESSMENT
The relative lack of lifetime data for Ni-Cd batteries under LEO
conditions led ESA and CNES to initiate a joint five-year test program
called ELAN. The program, started in June 1985, includes battery
cycling at different depths of discharge and at different temperatures
carried out at the ESBTC, along with destructive analysis of failed
cells carried out under contract at an independent laboratory. The
batteries are 12-cell assemblies specially designed to be thermally
representative of a real spacecraft battery but to enable removal of
individual cells in case of failure.
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The matrix of the cycling program, including the test conditions
are presented in figure 7a. Figure 7b shows a typical battery cycling
profile which derives from the French SPOT earth observation program.
A 35 mn discharge is performed in two different constant current steps
and a 65 mn charge starting at a constant current is terminated at a
temperature-compensated constant voltage (tapering technique) which is
selectable among 16 different levels to provide control of the
recharge factor K.
Figure 8 gives the end of discharge (EODC) cell voltages (based
on battery voltages) at the end of the second discharge as a function
of the number of cycles. Cycling of 40 Ah cells has just begun and
therefore is not mentioned. The arrows indicate when reconditioning
was performed along with the determined capacities. As of October
1986, up to 7000 cycles have been completed. As expected, for a given
temperature the end of discharge voltage decreases with time, this
being more pronounced at high DOD and high temperature. In the case
of the 40% DOD test at 5 deg.C a voltage stabilisation is apparent
which may due to reaching a second plateau voltage.
The effect of the reconditioning is visible by comparison of the
results from the 2 batteries at 15 deg.C and 20 % DOD. One can see
that the voltage for the reconditioned battery is the same as that for
the battery at 5 deg. C. This reconditioning has also resulted in the
cell voltage remaining at a higher value throughout the cycling. The
capacity remains constant as well. It seems that for 25 deg. C.
conditions the voltage decay with cycling is more pronounced than at
the 3 lower temperature levels investigated.
The test on the G.E cells has just started and the highest values
observed remain in the internal resistance difference with the SAFT
cells, coupled as well with a lowest DOD (18 %).
TEMPERATURE DERIVATIVE TECHNIQUE EVALUATION TEST
Battery lifetime is strongly dependant on the battery management
scheme employed. End of charge termination is particularly important
in order to minimize overcharge. The comparative study of different
charge control methods is of particular interest for LEO applications
where high charge rates are necessary, and a new charge control
technique developed at ESTEC and recently awarded a patent(3) is under
evaluation at the ESBTC.
This method, called Temperature Derivative Technique (TDT) has
been described in more detail in previous pulications (4,5). Briefly,
charge is terminated when the temperature of specially positioned
thermistors passes through a minimum (which precedes the onset of the
thermal dissipation at end of charge). This technique makes use of
thermal properties fundamental to the cell reactions and reduces in
general the amount of overcharge experienced by the cells compared to
the more conventional voltage taper charge control method. The
153
avoidance of taper charge decreases significantly the size of the
solar array required for battery charging.
The TDT has been tested under LEO conditions on 3 parallel-
connected batteries, each of 14 SAFT 35 Ah cells and having its own
TDT detector. The cycling profile consists of a 3-step discharge
giving a DOD of 26.7%, and the charge is terminated when the first of
the three detectors is activated. The batteries are mounted on a cold
plate set at 15°C.
Up to now 16000 cycles have been achieved and encouraging results
obtained. Figure 9 gives some of the battery parameters at 500 cycle
intervals. Due to some aged electronic equipment dedicated to this
test a number of test hardware failure have occured. These explain the
abnormal values in the upper right plot.
The test results show that the 3 batteries present the same
behaviour during the course of the cycling. Cell EOCH (end of charge)
voltages are nearly indendical and cell EODC voltages are within 2%. A
slight (5%) difference in K factor values is noticeable. The DOD
values were within 3%. The battery temperature differences (up to I.i
deg.C) are not judged significant. It should be noted that the cells
were not matched nor are of space-grade.
The evolution of the test parameters during the 16000 cycles is
quite remarkable. The average EODC cell voltages after a period of
instability showed a slow downward trend interrupted around cycle 9500
by a change in DOD. The overall decrease is very low, EODC cell
voltages varying from 1.22 volts at cycle 500 to 1.17 at cycle 15670.
In comparison the ELAN battery at 30% DOD and 15 deg.C, for which the
discharge rate is less severe already gives at cycle 5500 an EODC cell
voltage value of 1.07 volts. The EOCH cell voltages show a sharp
increase during the first 2000 cycles from 1.41 volts to 1.47 volts,
followed by a gradual stabilisation around 1.49-1.5 volts. This shows
some correlation with the K factor behaviour. The marked rise for
cycle 9500 in the temperature plots results from changes in the set
temperature of the cold plate.
These results confirm the interest and advantage of that charge
technique which provides battery charging under steady conditions and
consequently may be expected to limit the battery degradation over
extended cycling. The battery temperature is reproducible. In this
paralleled batteries test, thermal balance is also maintained between
the batteries. Balanced electrical performances are then observed as
opposed to previously reported results on a similar test using a
tapering method (5).
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METAL-HYDROGEN LEO TEST
In an initial investigation of nickel hydrogen cells for future
LEO applications, ESTEC has initiated a test to evaluate and compare
cells from SAFT and from DAUG (Deutsche Automobil Gesellschaft).
Neither design is optimised for this application. In addition a
parallel test is in progress using SAFT Ag-H2 cells.
The test matrix and preliminary results are presented in
table 5. All cells are cycled at 40% DOD and a comparison of their
behaviour with and without charge tapering will be made.
MARECS ACCELERATED GEO TEST
This test was initiated in 1981 in support of the ESA MARECS
(Maritime European Communication Satellite) program, which requires a
battery lifetime of i0 years at 57% (max) DOD. It is an accelerated
GEO cycling test using 12-cells batteries, one of SAFT VO 21 S3 cells
(coming from the MARECS B1 flight production batch) and the other one
using General Electric 22 Ah cells.
The test program is presented in figure i0 along with a typical
EODC and EOCH battery voltage evolution through one eclipse season.
For the first 8 eclipses, battery charging was terminated when a
pre-set charge time was reached, to achieve recharge factor of 1.05,
or when a voltage limit of 1.49 V per cell was reached. Later it was
noticed that the tendency of the batteries was to accept more charge
during the second half of the eclipse period. The K factor was then
set to I.I0 in order to favor charge termination due to the voltage
setting and to allow the natural tendency of an increase in the K
factor. In orbit solar array degradation was simulated from the 4 th
season by a gradual decrease of the charge current. The solstice
simulation period is reduced to 45 days so as to simulate the I0 years
of operation in half the time. Battery capacity determination and
battery reconditioning are performed prior to the eclipse period. The
initial capacities were 26.1Ah (average) for SAFT cells and 23.36 for
the G.E cells
Both batteries are now in their 20 th season, and maintain good
performance. Figure Ii shows some battery parameters through the 19
completed seasons. Except for the battery voltages at the end of the
reconditioning, the trend in the parameters is the same for both
batteries. The plot showing the minimum EODC cell voltages (which
occurs during period 5 or 6) indicates a marked degradation up to
season 6 followed by stabilisation with a tendency towards improvement
noticeable from season I0 where the K factor setting was modified
from 1.05 to I.I0. There exists a reproducible voltage difference
between the two batteries arising from a internal resistance
difference of about 2 milliohms. At season 19 the minimum cell
voltages are 1.168 for SAFT cells and 1.19 for G.E cells. No battery
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capacity data is available for seasons 1 to 5. Nevertheless the plot
indicates no sign of capacity degradation.
Since reconditioning is stopped as soon as the first cell reaches
0.1 volts, the battery voltage at the end of the reconditioning gives
information about the matching of the cells in the battery assembly.
Both types of cells were initially matched within 3% in capacity. A
high battery voltage indicates a larger deviation in voltage amongst
the 12 cells at the end of the C/100 discharge. For the SAFT cells
one can observe a rapid increase in the deviation followed by a
stabilization. For the G.E cells this deviation was reduced at the
beginning but has increased somewhat since.
Ni-Cd HIGH DOD GEO LIFETIME ASSESSMENT.
Useful Ni-Cd battery energy density for GEO spacecrafts are
usually about 20 Wh/Kg. This results from a limitation of the battery
DOD to a maximum value of 60%, chosen conservatively to meet lifetime
requirements.
From Marecs test and in flight data it appears that higher DOD
values may be used. ESTEC has initiated an accelerated test program
on three spare ECS-I (European Communication Satellite) battery models
(28 SAFT 18 Ah cells) on a cold at 3 deg.C The test sequence is
identical to that of the MARECS test, except that the maximum DOD's
are respectively 100%, 90% and 70% of nameplate capacity.
Results for the first 5 seasons are presented in figure 12. The
degradation of the minimum end of discharge cell voltage is low and if
trend remains linear one would expect to achieve 20 seasons above a
minimum cell voltage of I volt.
THERMAL CHARACTERISATION OF SPACE BATTERY CELLS
The thermal design of batteries becomes particularly important in
LEO spacecrafts because of the strong negative impact of increased
temperature on lifetime. In order that the necessary cell-level
thermal data is available for use in battery design a flow calorimeter
has been developed under ESA contract by ElektronikCentralen (DK).
Figure 13 shows the calorimeter version adapted to high capacity
cells. Complete cells are cycled totally immersed in the calorimeter
and the results deconvoluted to remove effects due to non-ideality of
the calorimeter. In the case of nickel-cadmium cells, measurements
have also been made of the thermal conductivity along the X and Y cell
directions and of the thermal capacity at various states of charge.
This data has been used to establish a dynamic thermal model of the
cells.
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As an example figure 14 shows the instantaneous heat transfer
across the surface of a SAFT 40 Ah Ni-Cd cell during a LEO cycle at
40% DOD. Similar heat transfer characterisations have also been
performed on SAFT Ni-H2 cells during GEO cycles and on SAFT Ag-H2
cells during LEO cycles (figures 15 and 16).
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TABLE 4: PRESENT ESBTC MAIN TEST ACTIVITIES
TEST TYPE BATTERY CONFIGURATION OBJECTIVES
ELAN
X-80
TDT
ERS-I
iMETAL-H 2
MARECS
ECS
ors
LEo
LEO
LEO
LEO
LEO
ACC.GEO
ACC.GEO
Si-Cd (SAFT)
Ni-Cd (SAFT)
Ni-Cd (SAFT)
Ni-Cd (SAFT)
Ni-H 2 (SAFT)
Ni-H 2 (DAUG)
Ag-S2 (SAFT)
Ni-Cd (SAFT)
Ni-Cd (G.E.)
Ni-Cd (SAFT)
Ni-Cd (SAFT)
20 BATTERIES
12 CELL ASSEMBLY
ON COLD PLATE
1 BATTERY
14 CELL ASSEMBLY
IN TEMPERATURE
CONTROLLED CHAMBER
3 PARALLEL
BATTERIES
14 CELL ASSEMBLY
ON COLD PLATE
I BATTERY
12 CELL ASSEMBLY
ON COLD PLATE
3 BATTERIES
2 CELL ASSEMBLY
MOUNTED ON CHASSIS
PLACED IN
TEMPERATURE
CONTROLLED CHAMBER
2 BATTERIES
12 CELL ASSEMBLY
IN TEMPERATURE
CONTROLLED CHAMBER
3 EX-FLIGHTMODELS
28 CELL ASSEMBLY
ON COLD PLATE
I BATTERY
2-14 CELLS MODULES
IN SERIE IN TWO
DIFFERENT CHAMBERS
JOINT ESA-CNES LIFETIME
ASSESSMENT PROGRAM
COUPLED WITH DESTRUCTIVE
FAILURE ANALYSIS
LIFETIME ASSESSMENT
22500 CYCLES COMPLETED AT
23% D.O.D
EODC CELL VOLTAGE STILL
ABOVE 1 VOLT
NEW CHARGE CONTROL METHOD
EVALUATION
BATTERY MANAGEMENT
ASSESSMENT FOR ERS-I
PROJECT
LIFETIME ASSESSMENT
PRODUCT COMPARISON
SUPPORT TO SPACECRAFT
LIFETIME ASSESSMENT
PRODUCT COMPARISON
HIGH D.O.D LIFETIME
ASSESSMENT
REAL LIFETIME FLIGHT
SIMIHATION
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TABLE 5: METAL-HYDROGEN LEO TEST MATRIX
manufact. DAUG DAUG SAFT SAFT SAFT SAFT
type Ni-H 2 Ni-H 2 Ni-H 2 Ni-H 2 Ag-H 2 Ag-H 2
nom. capacity (Ah) 40 40 42 42 26 26
charge current (A) (20) 16,6 (21) 17.3 (13) 10.4
charge technic tap, tap, tap,
dlsch, current (A) 25.6 25.6 26.8 26.8 16,6 16.6
DOD (z)
cycles completed
k-fact.
efficiency (Z) 80 80 82 78 72 72
heat diss. 3.0 3.0 2.8 3.5 2.9 2.9
VBeoc (V) 3.0 3.2 3.0 3.2 3.4 3.5
VBeod (V) 2.3 2.3 2.4 2.3 2.1 2.1
Peoc (bar) 52 57 58 63 60 50
40 20
Peod (bar) 38 42 43 50 50 40
30 10
TCeoc (deg C) 11.5 10.5 11 11 11.5 11.5
TCeod (deg C) 14 14 12 12 13.5 13.5
40 40 40 40 40 40
2000 2000 1900 2050 1850 1900
1.04 1.04 1.04 1.03 1.01 1.01
Test parameters: charge period : 60 min
dlsch, period : 37 min 30 sec
mean base plate temp. : 10 - 11 deg.C.
each test with two cells in series
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ABSTRACT
This document describes the current status of Nickel Hydrogen (NiH 2)
testing ongoing at NWSC, Crane IN, and The Aerospace Corporation, E1 Segundo
CA. The objective of this testing is to develop a database for NiH 2 battery
use in Low Earth Orbit (LEO) and support applications in Medium Altitude Orbit
(MAO). Individual pressure vessel-type cells are being tested. A minimum of
200 cells (3 I/2 in diameter and 4 I/2 in diameter cells) are included in the
test, from four U.S. vendors. As of this date (Nov. 18, 1986) approximately
60 cells have completed preliminary testing (acceptance, characterization, and
environmental testing) and have gone into life cycling.
INTRODUCTION
In the Spring of 1984 a survey of life testing status and results for
NiH 2 cells was performed. I. Data were either available or would be available
within the next two to three years to support the use of NiH 2 batteries in
high orbits requiring up to 3000 cycles at maximum depths of discharge of up
to 80% with a high level of demonstrated reliability and confidence. Calendar
life on orbit in excess of ten years was anticipated. It was suggested that
optimum performance would be achieved when the temperature of operation was at
less than 15 deg. C and the amount of overcharge was minimized while maintain-
ing an adequate state of charge.
On the other hand, the data available to support the use of NiH 2
batteries in low earth (LEO) and mid altitude orbits (MAO) are deficient. The
extent of the data base consists of mixtures of technologies and several
generations of LEO cell designs. Cells have been tested under extreme
conditions with less regard for the limitations of these cells than is
normally applied to space-type secondary cells. However, small samples of the
most recently built cells when tested under severe conditions (90 m cycle, 80%
DOD, 1.4 C discharge, 0.8 C charge, 105% charge return ratio, 23±4 deg. C)
have consistently given 10,000 cycles before failure occurred. This suggests
that the cells have the capability to surpass the performance of present
state-of-the-art NiCd cells in LEO applications. Presently, _esign variations
among NiH 2 cells are beginning to stabilize and future changes are expected to
be incremental. Testing to establish reliability and performance appears to
be practical at this time.
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NiH 2 cells must significantly outperform NiCd cells or they would be
disadvantageous to use because of their greater specific volume, higher
present unit cost, and the risks inherent in any new design. This increase in
performance can be in life and/or usable energy density. Present NiCd
batteries used under near-optimum conditions offer 14 - 18,000 cycles at 20 -
25% DOD and 25 - 30,000 cycles at 7 - 14% DOD depending on specific conditions
of load profile, power system requirements, and environment with high reli-
ability and confidence. NiH 2 cells must demonstrate significant increases
over these numbers if they are to be the next generation of LEO batteries.
This llfe test will demonstrate the performance capabilities of state-of-the-
art NiH 2 cells in low earth orbit, and in addition will support their use in
mid altitude orbit; and, will provide a database, when combined with other
relevant life test data and with program specific testing, that will permit an
estimate of reliability at an appropriate confidence level.
Objectives and Goals
The NiH 2 cell life test has the following objectlves2:
I •
o
3.
4.
5.
Demonstrate NIH 2 performance in LEO applications and support use in
MAO at levels superior to current NiCd capabilities.
Develop a statistically significant NIH 2 battery cell database.
Disseminate the test data and results in a timely fashion.
Demonstrate NiH 2 cell performance in pulse applications.
Demonstrate that the Manufacturing Technology Program (MANTECH)
cells are capable of performing in high orbit as well as LEO.
It is the intent to test cells from all viable vendors in sufficient
numbers to provide a comparison and to establish a statistically significant
database with a sufficiently high confidence level. A minimum of 155 3.5 in
diameter and 45 4.5 in diameter cells are included in the test plan. Addi-
tional cells will be added as the need is demonstrated• Approximately equal
numbers of cells from four U.S. vendors (GEBBD, Eagle Picher, Yardney, and
HAC) are to be tested in so far as schedule and funding permit.
The goals of these tests are to demonstrate at least 30,000 cycles at 40%
DOD and at least 20,000 cycles at 60% DOD in LEO and at least 5000 cycles at
169
80% DOD in MAO or high orbit. The 40% DOD cycle goal is greater than present
NiCd cells can expect to achieve at three years of planned life. A small
number of cells (5 from each vendor) will be tested at 25% DOD to provide
correlation with present NiCd testing and life data bases. It must be empha-
sized that cells could fail to reach desired goals, e.g. 60% DOD and 5 years,
and still perform significantly better than present state-of-the-art NiCd
cells.
A second goal is to establish a minimum reliability of 90% with a con-
fidence level of at least 80% for the goals stated above. This goal requires
an additional year of testing beyond the goal periods, if one assumes the
improbable condition that none of the groups of ten cells can be statistically
combined.
Reports are issued when significant milestones are reached and at regular
periods. Each major milestone, e.g. completion of acceptance testing, results
in a brief report. The progress of the test shall be reported in an "Annual
Report of Cycle Life Testing" from NWSC Crane and will, in additlon, be
summarized at least once a year and presented in an appropriate forum (of
which this is the second). The detailed data will remain available after
completion of the test for access by qualified organizations.
Test Plan
The test plan consists of acceptance and pre-life testing (including
environmental testing), characterization testing, life testing, and failure
and end-of-test analyses. Cell manufacturing specifications, testing pro-
cedures, and failure analysis procedure have been fully documented, except for
end-of-test analysis which is in preparation.
All the packs in the test will be 10-cell packs except for those (LEO 25%
DOD and some 4.5 in. packs) that are meant mainly to correlate with other data
bases. The standard sample size of 10 was chosen by a method based on the
two-parameter Weibull failure distribution function as a compromise between
the high cost of a large sample size and the statistical uncertainties of a
small sample size.
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Acceptance Testing: Acceptance testing is conducted at NWSC. All cells
of the same type and from the same vendor are tested in a single series string
whenever practicable. The following tests are performed on all cells:
I •
2.
3.
5.
6.
7.
Visual inspection, weight, and dimensions (diameter and length).
Indicator leak test (at beginning and end of testing).
Conditioning capacity (I0°C, repeat until two cycles agree within 2%
in capacity).
Standard Capacities at -5 ° , 10 ° , and 20°C.
Impedance at 50% state of charge and 20°C.
Overcharge voltage and pressure stability (when available) at O°C.
Capacity loss upon charged stand at I0°C for 72 hours.
The ampere-hour and watt-hour capacities of the cells are reported to 1.20,
1.15, 1.10, 1.05, 1.00, and 0.5 V. at the standard discharge rate (a C rate is
used to correlate with the rates used in testing). All temperatures refer to
the midpoint along the cell cylinder on the thermal flange.
A 20% sample of the cells of each type (at least two cells) and from each
vendor are subjected to random vibration testing at levels 6 dB higher than
the highest level anticipated in any application. The cells that are vibrated
will be distributed throughout the test packs to determine any long-term
effects of vibration.
Characterization Testing: These tests are performed to determine the
required charge characteristics. A group of 5 are cells of each type and from
each vendor are tested to determine charge efficiencies at selected rates and
temperatures. These data along with acceptance data are used to initiate
charge control for life testing.
Life Testing: Life testing will be performed using a nominal 90 minute
orbit with a 30 min. eclipse period and a 60 rain. sun period• Testing will be
performed at -5 ° and I0°C with the latter temperature being baseline. In a
corporate program-oriented test at Martin-Marietta Aerospace, 20oC is being
used for a group of cells. 3 We choose not to duplicate this condition. The
charge control method is ampere-hour integration (recharge fraction
control). This method is flexible and particularly easy to integrate into a
digital control system. In the LEO testing, control is accomplished by
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changing the charge returned under a fixed depth of discharge until the
following parameters are minimized:
I •
2.
3.
The decrease in the end of discharge voltage.
The increase in the end of charge voltage (high rate and trickle).
The recharge fraction (both watt-hour and ampere-hour).
A limit of a 112% charge return is established to permit the setting of
charge rate capability (charge returns of this size are not anticipated during
testing.) The charge sequence for LEO will be to return 100% of the charge at
the required rate followed by C/5 charging for the remember of the charge
period. The high charge rate is adjusted to set the charge control
parameters. A similar approach will be used in MAO but the high charge rate
and the final charge rates will be lower. Trickle charge, which is used only
in emergencies, will be at C/80 or lower.
Reconditioning is not planned for the cells in LEO testing. MAO testing
may require reconditioning to maintain adequate efficiency. No capacity
discharges will be performed.
Failure is defined as a voltage of less than 0.50 V at the end of the
prescribed discharge or a voltage greater than 1.75 V during any portion of
the charge. Data for other end-of-useful-life criteria will be available.
Upon being declared a failure, the affected cell will be removed from the test
pack and subjected to a repeat of at least part of the acceptance test within
180 days of failure. The cell will then be dispositioned for further failure
analysis.
The schedule given on Figure I shows the proposed plan. It is hoped that
the test will continue until the majority of the cells in each pack have
failed.
Special Testing: The general test will employ continuous constant dis-
charges. However, the applications requiring pulsed high rate discharge
within the envelope of the planned DODs are sufficiently prevalent to make the
correlation of such results with the general llfe test important. A small
group of cells will be placed on llfe test in a pulse discharge regime at
maximum rates of approximately 5C. Cells will be acceptance tested at the
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testing organization and sent to The Aerospace Corporation Battery Evaluation
Laboratory for the special testing.
RESULTS AND STATUS
The full test matrix of cells expected to be tested is shown in Table
I. The total number of cells of all types and from all vendors is 275, of
which 210 are 3.5 in diameter cells and 65 are 4.5 in diameter. Numbers and
types of cells currently on hand or committed are shown in Table 2. Some
cells manufactured in or prior to 1985 were found initially to have
insufficient capacity. These have been subjected to a LEO cycling regime in
order to increase their capacities to the mlnim_ level required, namely 50 Ah
for 3.5 in diameter cells. In all cases the capacities of affected cells have
been recovered in this way, although requiring more than 400 LEO cycles in
some cases. Newly manufactured cells have not exhibited this characteristic.
It is estimated that by the date of delivery of this paper 57 3.5 in
diameter cells will be undergoing life cycling. The remainder of the 3.5 in
cells on hand at this time, numbering 46 cells, will be undergoing pre-life
testing for a total of 103 3.5 in diameter cells. Also, by this date 21 4.5
in diameter cells will have been received and will be in preparation for
testing. Additionally, 45-3.5 in diameter cells, and 20-4.5 in diameter cells
are on order and are to be received during FY 1987, so that by the end of FY
1987 189 cells should be undergoing testing in both LEO and MAO regimes.
We expect to have completed acceptance, characterization, and
environmental testing on all 103 cells that are on hand at Crane by the end of
January 1987. These cells will enter llfe testing as soon as pack assignments
can be made but no later than the completion of all pre-llfe testing. Twenty-
one high rate 4.5 inch diameter cells are expected in the last quarter of
1986. These will enter prelife testing as soon as the equipment is available
(January 1987).
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INTRODUCTION
This presentation outlines the current major activities in nickel
hydrogen technology being addressea at Yardney Battery Division.
It covers five basic topics:
I. An update on life cycle testinq of ManTech 50 AH NiH 2 cells
in LEO regime.
2. An overview of the Air Force/Industry briefing on the Yardney
ManTech program.
3. Nickel electrode process upgrading.
4. 4 1/2" cell development.
5. Bipolar NiH 2 battery development.
i. UPDATE ON LIFE CYCLE TESTING OF MANTECH 50AH NIH2 CELLS IN LEO
REGIME
A year ago at the 1985 Goddard Workshop Yardney reported in a
short informal briefing on the effort to date in LEO reqime life
cycle testing on Yardney ManTech cells which were the
prototypical output of Phase II of the ManTech Program (Fig. I).
This depicted the testinq of two cells to 5000 cycles at 80%
depth of discharge includinq , in the first i000 cycles, efforts
to optimize charge/discharge ratios and fine tune the
computerized test and data aquisition systems. The consensus
among several of those in the NiH 2 technological community at
that point was that the 80% DOD was overly rigorous and
unrealistic.
Therefore, when we restarted cycle testing we did so at 60% Depth
of Discharge. Also, by this time we were delivering cells to
customers representing the final configuration coming out of the
ManTech Program, that is to say, Phase III cells. These vary
from the prototype Phase II cells only in areas of mechanical
design. The number, type, and arrangement of electrochemical
elements remained unchanged. We added one of these Phase III
cells to the test group as we restarted testing.
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We did not recondition or recharacterize the cells at 6000 cycles
but did so at 7000 and 8000. As can be seen in Figure 2 cell 008
was the poorer performer of the group. This is attributed to
test system problems encountered during the first 5000 cycles.
In addition to power failures which interrupted testing at the
most inopportune times the cells were at least once driven into
reversal as a result of test system malfunctions.
Testing has proceeded to about 8900 cycles of which approximately
8800 cycles are represented here. During the current
recharacterization we have decided to explore some other
characteristics of these cells.
One of these was cell impedance at various temperatures and
states of charge (Figure 3). It is of interest that at 0°C
impedance values converged and as temperature is increased
charged cells have a greater impedance while discharaed ones
exhibit less impedance. It should be noted that these values
were taken at 40 Hz.
A second peripheral investigation was in regard to what is
sometimes referred to as the "double knee phenomenon" which cells
exhibit during discharge. The three ManTech test cells had been
maintained for a sustained period (10-14 days) at less than i0 mV
and were then charged at a C/10 rate for 20 hours and discharged.
The first discharge was at C/25 and exhibited no "double knee"
phenomenon (Figure 4). Repeating the same test 3 days later
exhibited a qenesis of the phenomenon (Figure 5). A retest at a
C/10 rate discharge shows a slightly more pronounced display
(Figure 6). A repeat of the test at a discharqe rate of C/2
exhibits a more substantive but less pronounced characteristic
(Fiqure 7). Finally, at a C rate discharqe the differentiation
of the two "knees" has almost disappeared (Figure 8). These
characteristics illustrate an inherent dependency of the positive
electrode active nickel structure on prior cycle history and rate
of discharge. We are continuing to evaluate this phenomenon
relative to cell performance.
Additionally, radiographic examinations were made to determine
positive plate growth. Less than .002"/plate was noted on cells
S/N 008 and 009 in the first 5000 cycles. No measurable growth
was discerned in the subsequent 3800 cycles.
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2. OVERVIE_q OF THE AIR FORCE/INDUSTRY BRIEFING ON THE
YARDNEY/MANTECH PROGRAM
As some of you are aware we are at this time completing our
contract with Wright Patterson Materials Lab for the application
of manufacturing technology to the baseline Air Force 3 1/2", 50
AH cell. While the ITAR regulations prevent an in-depth
technical discourse in this forum we can qive a very brief
overview of the project.
This program, initiated in 1981, while encountering several
problematical delays, has resulted in a number of technical
break-throughs, including the reduction in platinum loading of
the negative without loss of performance, the improvement in
structural accommodation to plate growth and, most importantly, a
reduction in price from the baseline cell of from 30 to 50% or
more depending on production lot size.
In addition to the prototype cells cominq out of the proqram and
beinq tested at Yardney we have delivered cells to the Wriqht
Patterson Materials Lab, and to Don Warnock's group at WriQht
Patterson both of which cell lots are now on test at the Naval
Weapons Support Center, Crane, Indiana. Additional cell lots in
the Phase III configuration have been produced for other
customers as well.
3. NICKEL ELECTRODE PROCESS UPGRADING
Within Yardney's new dedicated NiH 2 manufacturing facility a
substantial effort has been directed at nickel positive
manufacturing techniques. The Yardney positive process includes
a wet slurry-type plaque which is sintered in a reducing
atmosphere and electrochemical impregnated (EI) by the Pell
Blossom process. New plaque pulling, sinterinq and EI equipment
are providinq superior control of those phases of the operation.
These efforts are now providinq positive plates which meet
stringent requirements of thickness qrowth and blisterinq when
subjected to a 200 cycle high rate stress test. This test
consists of i0 C charge for 12 minutes and a I0 C discharge for 8
minutes at room temperature. Criteria for acceptance are a
maximum of 3 mil thickness growth and less than 3% of the plate
area blistered for the standard 31 and 35 mil thick electrodes.
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4. 4 1/2" CELL DEVELOPMENT
In May of 1985 Yardney embarked on a cooperative effort with Ford
Aerospace Corporation to develop a 4 I/2 inch diameter nickel-
hydrogen cell with a nominal rating of at least 220 AH in a LEO
regime. The design is a tandem stack, floating core type,
typical of Yardney's 3 1/2 inch Air Force arrangement, but
incorporating wall wick recombination and back-to-back
electrodes. Mechanically the structure is a 35% scale-up variant
of 3 1/2 inch components employed in the ManTech and Air Force
cells. The program was somewhat accelerated in order to produce
liqht-weiqht cells for performance evaluation in less than six
months. Figure 9 identifies some of the improved design features
employed in this cell.
A series of characterization tests were carried out on five of
these cells to determine the effect of temperature between 0 and
36°C. The temperature was controlled by fluid transfer in
manifolded sleeves clamped to the cylindrical section of each
pressure vessel. These temperature trials, which were conducted
as the first cycles, demonstrated that the best capacity is at
10°C for an average value of 243 AH. After 150 LEO cycles this
early capacity increased to an average value of 259 AH above 1.0
volts.
Figure I0 illustrates the end of charge and discharqe voltaqe
trends for this initial cycle series. Continued life testing is
now being planned for several of these cells.
Figure II shows the characteristic curves of voltaqe for the
rating cycle of all five cells. Figures 12 and 13 indicate the
consistency of discharge performance between cells from the 5th
to the 150th cycle.
In early 1986 Yardney responded to customer interest to produce
I00 AH LEO reqime, 4 1/2 inch diameter cells. This design also
employs a tandem stack, floating core; however, the stack
elements are arranged in a conventional recirculating sequence.
The pressure vessel wall is coated with zirconium oxide in the
common Air Force practice, and no platinum catalyst is
incorporated for wall recombination. Assembly of the first 100AH
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CELLDESIGNFEATURES
YARDNEY4 1/2"MODELYNH-HRWRTS220
• 4 i/2"DIA,CYL,x 18 3/8 LOA
• MANTECH/MILSTARGROWTHVARIANT(I,35SCALE-UP)
• BACK-TO-BACKELECTRODES(,031"MANTECHTHICKNESS)
• ZIRCARAND ASBESTOSSEPARATOR
• WELDRINGw/MINIMAL"WIDTH"
• SIMPLIFIEDCENTERSUPPORTPLATE
• BELLEVILLESPRINGSTROKEMAXIMIZED
• RECOMBINATION& MAJORHEATSOURCEON WALLS
• ANTI-TWISTERMINAL
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units is currently underway and characterizations tests are
scheduled for December 1986.
Figure 14 depicts the relative size of 50 and 70 AH 3 1/2" cells
and I00 and 220 AH 4 1/2" cells.
5. BIPOLAR ACTIVITIES
Yardney is in the third year of development regarding a 75 AH
bipolar experimental battery for space applications. This NASA
program is organized to evaluate a baseline design and its
variants. Ford Aerospace Corporation is the prime contractor and
Yardney has responsibility for the stack development. The design
is inherently modular in nature, lending itself to high
capacities and voltages depending on cell stack arrangement
within a common pressure vessel. The program objectives include
development of thick electrodes and evaluation of designs for
heat removal within a context of simplicity and consequent ease
of manufacturability.
The basic electrode is .080 inches thick with an area of 4 x 16
inches. Three such electrodes are ganged together in individual
frames on a common "hi-polar" heat conducting plate at each cell
level. A model was built early in the program to represent a
full-scale section only one-sixth in length, with electrodes 4 x
8 inches. Thermal path lengths and mechanical details remained
the same for the model as for the prototype size. Figure 15
shows the 10-cell model manufactured by Yardney with the coolinq
plates in place. This model was characterized for capacity at
approximately 10°C by charging and discharginq at various
combinations of rates. These results are shown in the form of a
carpet plot on Figure 16. It can be seen that capacity to 1.0
volts varies in a continuous manner with best results relating to
optimum charge rates between C/2 and C for discharges between C/4
and 2C, respectively. After the characterization series, LEO
cycles were run at 80% and 60% DOD for a total of approximately
380 cycles. The model was then torn down and inspected. In
general, the cells appeared in qood condition with the exception
of one shorted cell attributed to the mechanical design. Figure
17 illustrates the first 75 AH stack built to this design for
thermal and performance evaluation in a specially desiqned
pressure vessel at Ford Aerospace Corporation.
204
DP_rC_NAg PACE IS
OF POOR QUALITY
I
0
I"
I
E_
T= -s
I
7
p-
I
!
I
t_
I
I
09
_=_
205
\%
\
/
\\
206
-ORIGINAL PACE IS 
OF POOR QUALITY 
w 
3 
207 
208 
N88- 1103 0
FAILURE ANALYSIS OF A 3.5 INCH, 50 AMPERE-HOUR
NICKEL-HYDROGEN CELL
KENNETH H. FUHR
MARTIN MARIETTA DENVER AEROSPACE
DENVER, COLORADO
Abstract
The 3.5 inch, 50 ampere-hour nickel-hydrogen cell was on a Low Earth Orbit
(LEO) test regime and was being cycled at 10°C and 60% depth of discharge. At
cycle number 511 the Automatic Control and Data Acquisition System (ACDAS)
terminated the test when the end of discharge voltage dropped below the 1.00
volt cutoff. Upon removal of the stack assembly from the pressure vessel,
portions of the zircar separator were found to be completely missing. Upon
further examination portions of both the positive and negative plates were
found to be missing from its substrate and several gas screens were damaged
due to excessive heat which caused fusing. The postulated cause of failure is
free electrolyte in the cell which caused oxygen channelization resulting in
localized recombination which degraded the stack components leading to a short.
Introduction
The subject nickel-hydrogen cell was manufactured according to the
Hughes-Airforce specifications with the recirculating electrode stack design
using two layers of zircar separators. The cell is 3.5 inches in diameter and
is rated at 50 ampere-hours.
The cell was mounted to a cold plate by means of an aluminum collar and the
cold plate was oriented inside an environmental chamber such that the cell was
being tested in the horizontal position. The test chamber was kept at 10°C
and the cold plate was also cooled to 10°C with circulating chilled water.
The cell was on a LEO test regime consisting of 55 minutes charge time, and 35
minutes discharge time and was being tested to a 60% depth of discharge.
Cycling was controlled automatically on the ACDAS to permit unattended
operation. During the charge phase of cycle #509 the cell voltage began
deviating from the other test cells by 80 millivolts. During discharge on
cycle #511 the cell voltage dropped below the 1.00 volt cutoff and the ACDAS
terminated the test. The cell was removed from the test fixture and an
insulation resistance test between mounting collar and pressure vessel was
performed and found to be greater than one megaohm. The internal impedance
was found to be I.i0 milliohms compared to the initial impedance of 1.15
milliohms.
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A reconditioning charge of 5.0 amps was applied for 16 hours during which time
the maximum voltage recorded was 1.397 volts. Upon termination of the charge,
the open circuit voltage was monitored and found to decay to 1.0 volt over a
three hour period. A one ohm resistor was placed across the terminals for
twenty-four hours to completely discharge the cell. After this time a
shorting wire was placed across the terminals until the failure analysis could
be performed.
Failure Analysis Results
The shorting wire was removed and the voltage was monitored for possible signs
of recovery of which there was none. The cell was placed in a nitrogen glove
box and the fill tube was cut off. The cell was inverted in order to allow
free electrolyte to drain. Approximately 2-3 milliliters of electrolyte were
collected. The cell was orientated with fill tube up and evacuated and
allowed to back fill with nitrogen. This procedure was repeated for a total
of four cycles in order to remove residual hydrogen gas. The vacuum line was
again attached to the cell and it was evacuated and inverted to remove any
remaining electrolyte. An additional 2-3 milliliters were obtained. The cell
was then mounted in a lathe and a high speed motor with a Norton A364
reinforced carborundum wheel attached to the motor shaft was mounted on the
tool post of the lathe. The pressure vessel was opened by cutting through the
walls on the cylinder side of the girth weld making sure penetration of the
cutoff wheel was deep enough to cut through the inside weld ring. The
terminal hardware was removed and the dome end of the cylinder was removed.
The edges of the cylinder were deburred and the cutoff area was thoroughly
cleaned to remove cutting debris.
Upon removal of the plate stack from the pressure vessel, a large dark area
was clearly visible (Figure i) beginning at positive plate (counting from
positive terminal end) number 15 and continuing to approximately positive
plate number 38 with the major damaged area occurring from plate 15 to plate
31 (Figure 2). Detailed examination of the plate stack assembly revealed the
complete absence of separator material. Active material was noted to be
missing from both the positive and negative substrate (Figures 3 & 4).
Shorting of adjacent positive and negative plates was found in these areas.
Portions of the gas screens from this area were found to be missing and the
edges of the missing area appeared to be burned or fused together (Figure 5).
Examination of the separator material also revealed portions of it to be
missing, (Figure 6).
Conclusions
The cause of failure is hypothesized to be free electrolyte collecting in the
bottom of the stack when the cells were being tested in the horizontal
position. This excessive electrolyte in turn results in oxygen channelization
causing localized recombination. The localized recombination results in hot
spots and "popping" which destroys the separator and plates. The popping
causes plate material to be dislodged from the substrate which in turn caused
the plate to plate short.
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Grace DAKASEP Alkaline Battery Separator
R. T. Giovannoni, J. T. Lundquist
W. R. Grace & Company, Research Division
7379 Route 32, Columbia, MD 21044
and
W. M. Choi
W. R. Grace & Company, Polyfibron Division
62 Whittemore Avenue
Cambridge, MA 02140
The Grace DAKASEP separator was originally developed as a
wicking layer for nickel-zinc alkaline batteries. DAKASEP is
a filled non-woven separator which is flexible and heat
sealable. Through modification of formulation and processing
variables, products with a variety of properties can be
produced. Variations of DAKASEP have been tested in Ni-H2,
Ni-Zn, Ni-Cd and primary alkaline batteries with good results.
Table I shows properties of DAKASEP which are optimized
for Hg-Zn primary batteries. This separator has high tensile
strength, 12 micron average pore size, relatively low porosity
at 46-48% and consequently moderately high resistivity.
Versions have been produced with greater than 70% porosity and
resistivities in 33 wt% KOH as low as 3 ohm cm.
Performance data for Hg-Zn E-I size cells containing
DAKASEP with properties shown in Table I are more reproducible
than data obtained with a competitive polypropylene non-woven
separator. In addition, utilization of active material is in
general considerably improved.
W
Person to whom inquiries about DAKASEP should be addressed.
_R_BED[NG PAGE BLANK NOT F_4_D
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Table I
GRACE DAKASEP Alkaline Battery Separator Characteristics
Production Run Number
Ream Weight (pounds/3000 ft 2)
47 48
74.2 71.7
Thickness (mils)
Tensile strength (pounds/in 2)
11.5 11.5
1260 1190
Tensile (pounds/in) 14.5 13.7
Maximum pore size (micron) 21.1 21.1
Average pore size (micron) 12.0 12.2
Porosity (volume percent) 46 48
Wetout time (sec
in 33% KOH)
<3 <3
Resistivity (ohm cm) 15.0 14.8
Note that properties of DAKASEP can be tailored to customer
specifications.
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GRACE DAKASEP Alkaline Battery Separator Development
• Grace has developed a separator for alkaline
batteries.
DAKASEP is a filled non-woven (flexible and heat
sealable) separator.
• Properties of DAKASEP can be tailored to battery
manufacturers specifications.
• Variations of DAKASEP have been tested in Ni-Hg,
Ni-Zn, Ni-Cd and primary alkaline batteries wi£h
promising results.
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Production Run Number
Ream Weight (pounds/3000 ft 2)
47 48
74.2 71.7
Thickness (mils)
Tensile strength (pounds/in 2)
11.5 11.5
1260 1190
Tensile (pounds/in) 14.5 13.7
Maximum pore size (micron) 21.1 21.1
Average pore size (micron) 12.0 12.2
Porosity (volume percent) 46 48
Wetout time (sec
in 33% KOH)
<3 <3
Resistivity (ohm cm) 15.0 14.8
Note that properties of DAKASEP can be tailored to customer
specifications.
Figure 1. GRACE DAKASEP Alkaline Battery Separator Characteristics.*
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Cathode ,
(Mercuric oxide,
graphite and
KOH)
Anode (Zinc s KOH
and dispersant)
DAKASEP Separator
Schematic Representation of a
Hg - Zn Cell
Figure 2.
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SIMULATEDORBITAL CYCLING& FLIGHT EXPERIENCE
Chairman: T. Yi, NASA/GSFC
BRASILSAT A2 - GROUND AND IN-ORBIT ANOMALIES
N88- 1103 2
S_rgio Ricardo Azevedo Ferreira
Space Sgment Division
EMBRATEL
Rio de Janeiro, Brasil
ABSTRACT
A description of the anomalies encountered during ground preparation For launch and in-orbit
operation of Brasilsat A2 batteries is given.
Processes used during recovery of these batteries and the improvement on main parameters are
discussed, covering many cycles of reconditionmings and behaviour during SEPTEMBER/86 eclipse charge/
discarge cycles.
INTRODUCTION
Brasilsat A2 is a HS-376 Spacecraft that uses 2 NiCd batteries. They were formed from cells that
came From two different lots under GE fabrication/inspectlon procedures.
These cells were activated in October 1984 because initial planning had A2 launch sheduled for
August 1985. This date was delayed to March 1986 when was finally launched from KOUROU (French Guiana).
During the tests at the manufacturer, no anomalies were reported with the lots and, the
capacities and mass values measured, were all compatible with the size of the cells. Also agreeded
with the numbers seen in AI cells.
Based on the HUGHES criteria (higher capacities/lower masses) the ceils were selected and some
adittlonal testing were carried out which showed no strange behaviour.
In January 1985, the cells were assembled in packs at KANATA (SPAR facility) and the First
reconditionning at this level was made (march 1985), showing good results in terms of capacity and
cell voltages. After that, followed a 2 month period at ambient temperature mounted on the S/C for
the mass-properties.
Right after that, the batteries had their F.A.T. (june/85) which presented good results,
comparable with the ones previously seen.
From June until October/85, the packs went to cold storage and then, had two reconditionning
cycles at 20° C and 10° C as preparation for the launch campaign. During these cycles, no abnormal
values were registered, assuring that no degradations were caused due to the storage, except For the
failure in the final "retention test" of onecell in battery I. A similar test was performed (I0 mln
of boost charge + 2k hours stand) and all cells passed. The failure was considered not too serious,
because the cell voltage was below but close to the minimum required value (MIN = 1.15V and cell
voltage at 1.065 Volts).
CAMPAIGN (FIRST PHASE)
The packs were then shipped to the launch site (KOUROU) and as they arrived (MID-OCTOBER), an
initial kO hours charge at C/20 (1.2 Amps) was initiated. For this charge a few air conditioners/
fans were used in order to maintain pack temperatures at low values (24° C) even after reachingROLLOVER.
During the charge, it was noticed that 3 cells didn't have a ROLLOVER. But this phenomena was explained
by the fact that the cells were all placed at extremes of the packs thus, having a more efficient
cooling effect, that forced the cells temperature down. Consequently, the cell vo]tages remained at
their PEAK values.
225
_@_DING PAGE BLANK NOT _I3_.M_,D
After this initial charge, the batterles were kept on a weekly TOP-UP regime (charge at C/tO until
PEAK + 30 min). In the beginning of the first TOP-UP (31/0CT/85) it was observed that ce]1_le 17 on
battery I had a voltage about 12 mV (2 bits on TM) below the who]e group. This difference persisted
throughout the charge. The subsequent TOP-UP's (NOV 8th and 14th) showed the same behaviour, making
believe that this particular cell had a higher self-discharge current when left on open'circuit.
With the postponement of the launch date to FEB/B6, it had been decided a break on the campaign,
leaving the batteries d{scharge/shorted and mounted on the S/C, due to the period of storage (10
weeks) and to minimize the handling.
Thus, a discharge happened on NOV 14th and a small decrease in measured capac£ties was observed
(Table I). Ce1]_#= 17 on battery I was the lowest cell, confirming the suppositions.
PHASE BATTERY 2
KANATA
14.11.85
24.01.86
28.01.86
29.01.86
26.13
25.95
24.45
24.83
24.45
1 BATTERY
26.65
26.13
25.01
25.20
25.01
TABLE I - Capacity Variation
NOTE: Values in Amp. hours
The storage period finished on JAN 22nd, when batteries were charged for 40 hours at C/20. The
maximum voltage values recorded during this charge, revealed an increase of about 18 mV (3 bits) as
shown in Table 2.
PHASE BATTERY 1 BATTERY 2 TEMPERATURE
OCT 25th 1.459 V 1.453 V 23 C
JAN 22nd 1.477 V 1.474 V - 22 C
TABLE 2 - Maximum cell voltages(at 1.2 Amps)
As per Hughes recommendation, 3 extra cycles were performed on these batteries. A summary of
these cycles is given in Table I, which shows a reduction in capacity values of - 6% compared to the
NOV 14th discharge. The charges at C/I0 had to be interrupted because of high cell voltage problems
(exceeding the VxT curve), causing shifts on the limiting curve and reductlon on the rates in order to
complete the charges. Table 3 shows a comparison of the maximum cell voltages in two charges at
C/]O, before and after the storage.
PHASE BATTERY I BATTERY 2 TEMPERATURE
F.A.T. 1.4Bg V 1.481 V - 20 ,C
JAN 27th * 1.50B V * 1.506 V - 21 C
TABLE 3 - Maximum cell votages (at 2.4 Amps)
* Charge aborted
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From the end of January until the launch day (March 28th) the batteries experienced 3 different
management procedures. Initially, we started with the tradicional TOP-UP (C/I0; once a week) that
was accumulating to much time in open-cricuit stand, agravating the spread on cell voltages (speclally
on battery I) and, not bringing any significant improvement on the high voltage problem.
On March 11th the rate was changed to a Trlcke charge (Z C/50), which was applied daily for
about I0 to 15 hours (limited by maximum temperature a11owed = 29.4°C). The result was a better
equa]ization of the cells at end-of-charge, although the other mentioned anomalies remained unchanged.
IN-ORBIT BEHAVIOUR
After launch, in the initial transfer orbits, the stop charge criteria used didn't allow
batteries to reach the ROLLOVER thus, hiding the high voltage problem. A Few hours after the panel
was deployied, the Trickle charge was turned ON. The pack temperatures were around i0 ° C and in
less than 2 hours many cells had exceeded the limit,(Table 4), causing the interruption of the charge.
PACK (°C)
TEMP.
MAXIMUM
VOLTAGE(V)
TRICKLE
MAX. VOLT.
AT C/IO
5 6 7 8 9 10 11 12 13 14 15
1.484 1.482 1.480 1.478 1.476 1.474 1.472 1.470 1.469 1.467 1.465
1.539 1.537 1.534 1.531 1.529 1.526 1.524 1.521 1.519 1.516 1.514
TABLE 4 - Charge Limit
For the last 15 days of eclipse in this season, the recharge management was:
a) Charge at (M+T) or C/20 until limit is reached (Table 4);
b) Try once a day a Trickle charge;
c) Leave in open-circuit for the rest of the day.
This procedure was enough to support these discharges.
RECONDITIONING CYCLES
The proposed "solution" for the problems was to have the batteries reconditioned a few times
(Table 5), until it accepted the trickle charge whithout exceeding any limit
BAT Ist CYCLE 2nd CYCLE 3rd CYCLE 4th CYCLE
I April 21st May 21st May 26th June Ist
2 May 5th May 12th - -
TABLE 5 - RECONOITIONNING SCHEDULE
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Battery 1
In the first cycle (April 21st), the results obta[nned showed a highly reduced capacity (Table 6),
probably due to celi_ 17. During the charge, at about 105% of the removed capacity, ceil 32
exceeded the C/20 limit. This battery maintained its behaviour on Trickle, although showed some
improvement.
TABLE 6 - Capacity Evolution
* EXPECTED
VALUES
I A, 1I 2goo 23.77
27.70
26.93 25.76 * Values in AH
_-* 111% of the FAT value:
The second cycle accurred only on May 21st, after the two reconditionhings on battery#= 2, before
which it had been mainta[nned by a 2 tr_ckle charge tries per day routine. This one month period,
removed the small improvements caused by the first cyc]e.
The results showed a further reduction in capacity and the charge (C/20) stopped at 103% return,
with higher average cell voltage.
Other two cycles were performed, and the capacity suffered a big increase (Z 3 AH). The cell
voltages had a smaller spread at ROLLOVER, with a reduction on the rise rate (mV/min). The Trickle
charge was applied without problems, although the C/20 rate still had to be interrupted (at Z i04%
return).
Battery 2
It was first cycled on May 5th, also presenting a large reduction in capacity (Table 6) and
having to stop the charge prematurely (Z 107%), because of ce11_#_ 20 excessive voltage. Trickle
charge was sti]1 forcing the cells to go above limits. The second cycle (May 12th), showed a 0.76 AH
increase in capacity. Although still having the (M+T) charge aborted at 106% return, the trickle
charge was fairly well accepted be the cells.
A smaller charge rate {Z 0.2 Amps) was used between the reconditionning cycles, and proved to
have helped a lot on equalizing the cells before the subsequent discharge, decreasing significantly
the spread, without making the cell voltages go above to limits.
AUGUST RECONDITIONNING PERFORMANCE
During the August/B6 reconditionning, a relevant enhancement was verified in all parameters.
The capacities increased almost to the expected values (Table 7) and the cells could be charged at
the C/20 rate without exceeding significantly the limits (maximum 3 mV = I/2 bit). These improvements
were probably caused by the long period in the trickle charge rate, that helped equalizing the state
of charge of the cells and breaking the "big cristals" formed in the overcharge protection region of
the plates, called as responsible for the high vo]tage anomaly.
BAT CAPACITY (AH) MAX. CELL VOLT. TEMPERATURE LIMIT
I 27.91 1.534 V 8 o C 1.531V
2 28.85 1.512 V 8 _ C 1.531 V
TABLE 7 - August/86 Reconditionning
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The September/86 eclipse season, demonstrated how healthier these batteries are now, showing
values very comparable with the ones achieved by the Satellite AI batteries. Although the average
cell peak voltage is still above the normal (AI) values by about 30 to 40 mV, we've got confidence
that with the next 4 month period of continuous trickle charge, the performance in the following
season (March/87) will show even better results.
CONCLUSION
It has been presented the sequence of events occurred with the Brasilsat A2 batteries . The
long short-circuited in ambient stand period seems to have been the main reason For the major
anomalles encountered in the operation of these unlts. Although it didn't take too long for the
problems to arise, the process of removing this uncomfortable behaviour, has been predicted as an
arduous and long period. Up to now, a number of reconditionnig cycles have been applied with
significant improvements in performance. At least, now we can be sure that no permanent degradation
occurred, and the life of these batteries shall not be affected.
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INTERNATIONAL ULTRAVIOLET EXPLORER (IUE)
SPACECRAFT BATTERY PERFORMANCE UPDATE
SMITH E. TILLER
NASA/GODDARD SPACE FLIGHT CENTER
CODE 711
GREENBELT, MARYLAND 20771
SUMMARY
January 26, 1987 marks the ninth infllght anniversary of the IUE
spacecraft, launched into an eccentric synchronous orbit on
January 26, 1978. The orbital path has subjected the spacecraft to 18
solar eclipse seasons slnch launch. Nine years of inflight operations
culminate a major milestone for battery support to a spacecraft, which is
well in excess of the initial 3-year design llfe.
Figure I, provides a brief outline of events, power system characteristics,
and papers presented at previous Battery Workshops. In 1978 and 1979, the
papers presented describe the IUE battery and cell characteristics and
highlight the spacecraft power system design properties. The last paper
listed provides an update of battery performance through 1983. Battery
cell design characteristics are listed in figure 2 providing pertinent
background information relative to the data presented in this paper. It
should be especially noted that the battery cells were manufactured
utilizing Pellon 2505 separator, and that the negative plates were
teflonated to level I standards. A second major design characteristic
outlined is the light loading of the P.Q. plate with a design goal to
reduce plate loading by I0 percent over previous designs. A design goal
was also established to increase the quantity of KOH to 4cc/rated
ampere-hour. The data listed in figure 3 is the results obtained during
cell manufacturing. This data shows the increase in electrolyte (31
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percent KOH)and light plate loading resulted in a level of 4.17cc/rated
ampere-hour for a 6 ampere-hour nickel-cadmium cell. Figure 4 provides a
brief summaryof the original battery design parameters. The maximum
discharge current level of 4 amps/battery to an 80 percent
depth-of-discharge (DOD) limit was the initial design criteria. The DOD
limit was decreased to 60-70 percent following eclipse season number2 to
extend battery life as long as possible without unduly limiting spacecraft
operations during the eclipse seasons. The objective of this paper is to
update battery performance from 1983 through 1986.
CONFIGURATION
The battery photograph presented in figure 5 is typical of the two 6
ampere-hour nickel-cadmium batteries aboard the IUE spacecraft. Each
battery contains 16 regular cells and I signal electrode cell used to
provide charge control in the main battery charger system. The power
control system encompasses direct-energy-transfer (DET) of bus power during
spacecraft operations. Each battery is diode coupled to the main bus via a
boost regulator providing 28 volts of regulated power.
INTRODUCTION
The 6 ampere-hour batteries provide full power for spacecraft operations
during the 14 to 77-minute shadow periods of the bi-annual eclipse season
which last from 23 to 25 days each. Battery power is also provided
wherever the main bus requirement exceed the solar array output during the
sun solstice seasons when the spacecraft beta angle is below 0° or greater
than 130 °.
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FLIGHT PERFORMANCE
During the eclipse season shadow periods, battery recharging is
accomplished utilizing the spacecraft main charger control system augmented
by a low rate trickle charge system. Both operations are depicted in
figure 6--the main chargers are operating between elapsed time hours 6
through 16--with the low rate chargers operating from hour 16 to the
completion of the 24th hour of the depicted eclipse day. It should also be
noted that data previously presented including figure 6 show the batteries
are being commanded to a low rate charge (approx. 0.I amps) at hour 16
because the main charger for battery 2 fails to taper the charge current to
the 0.1 amp design level. The charge scheme depicted has been used during
all previous recharge operations due to the third electrode sensitivity
anomaly.
Telemetry data received during eclipse season 2 indicated that the battery
discharge voltage recorded at the peak of the eclipse season (day 17)
decreased from 20.25 volts during eclipse season I, to 19.92 volts at the
peak of eclipse season 2. Power conservation measures were implemented to
limit the maximum battery discharge to the 4 amp per battery deslgn level.
Directives were also initiated to turn off non-critical spacecraft loads
when either battery exceeded 50 percent DOD. Data plotted for eclipse
season 12 and 18 in figure 7 shows that the action taken reduced battery
discharge from a 76.7 percent level for eclipse season 2 to approximately
62 percent for eclipse seasons 12 and 18. Figure 8 provides additional
support which shows that the reduction in spacecraft power usage is also
conducive in reducing battery DOD during the eclipse season shadow periods.
233
Immediately after launch, the spacecraft telemetry data indicated that
battery 05 was approximately 8°C warmer than battery 06. Data analyzed
during eclipse seasons I through 9 gave indications that the operational
life of battery 05 may be shortened by the warmer temperature delta.
However, data plotted for eclipse seasons I0 through 18 indicate that the
battery D0D may be the predominate factor in cell degradation. The
temperature delta between the batteries appears to be the controlling
factors in load sharing, i.e., battery 06 (approx. 23°C) provided more
power than battery 05 (approx 15°C) during the peak discharge periods for
eclipse seasons i-9. A switch in load sharing occurred during eclipse
season I0 where battery 05 started providing more power than battery 06,
supporting the theory that the battery DOD may be the predominate
degradation factor. Additional data is shown in figure I0 indicating that
battery discharge current is directly proportional to the D0D data
previously shown in figure 9.
Figure ii is a composite data plot of i0 cells on test at NWSC, Crane,
Indiana. Discharge cell voltages were plotted versus ampere-hour during a
capacity test at the peak of eclipse season 19. It should be noted that
the cells are being tested in a simulated synchronous orbit at 10°C to 80
percent DOD. The recharge profile was modified prior to eclipse season 13
to simulate the recharge scheme utilized to recharge the spacecraft
batteries. The data demonstrates that the test cells discharge voltages
track in a close pattern and that cell capacity exceeds 6 ampere-hours
after 18-I/2 simulated eclipse seasons.
234
CONCLUSIONS
The IUE battery cell performance is excellent--with exception of the third
electrode anomaly and temperature delta between batteries. Data indicates
that battery DOD may be more critical to extend battery life than small
operational temperature deltas between batteries. It is predicted that
several additional years of battery life may be obtained by a reduction in
operational battery DOD.
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N88- 11034
EARTH RADIATION BUDGET SATELLITE (ERBS)
ORBITING PROFILES AND Ni-Cd USE
MARLON L. ENCISO
Space Power Applications Branch, Code 711
NASA/Goddard Space Flight Center
Greenbelt, MD 20771 (U.S.A.)
Summary
The Earth Radiation Budget Satellite (ERBS) is one of the more
recently launched satellites of the Goddard Space Flight Center. This
paper presents the flight data of the two 50 Ah NASA standard batteries
that are being flown on the ERBS. Trend characteristics of the batteries
were collected over a period of two years. The parameters that were
trended are; the battery end-of-discharge voltage, time in peak power
track, and time in constant current mode. All were plotted versus mission
elapsed time. The slopes exhibited by the trended parameters indicate no
adverse trends that would signify any appreciable degradation in the
batteries.
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Introduction
The succeeding paragraphs provide a brief background of the ERBS
orbital regime and power system configuration in the normal operating
mode.
The ERBS was launched on Oct. 5, 1984 from the Space Shuttle
Challenger to a 600 km circular orbit with an inclination of 57 degrees
from the equator. This orbital configuration gives ERBS a 97-minute
orbital period and ocassional periods of full-sunlit orbits.
The ERBS power system has a peak power tracker, a constant current
trickle charge mode (C/50), and an on-line ampere-hour integrator. These
components together with the VT limiting capability controls the charging
of the two batteries connected in parallel. The batteries share a common
load. Charge control is dependent on the hotter battery, which is battery
number 1. These batteries are charged to 32.12 volts (1.46 v/cell),
equivalent to the Goddard VT6 at an average temperature of 9 degrees C.
The average depth of discharge the batteries are subjected to is 10%.
Shown in Figure 1 is a typical single orbit power profile of the ERBS.
As shown, as soon as the solar arrays see sunlight the peak power track
takes over and charges the batteries until the voltage reaches the selected
VT setting. From here the voltage limiting mode of charging takes place
as indicated by the taper charge until the ampere hour integrator indicates
100 % SOC. The batteries are then charged at the constant current mode
equivalent to a C/50 charge rate. Figure 2 shows the orbital power profile
248
IOP,/G[NAE p/_GE IS
OF POOP, _T_ tLTTY
D
0
r_
I,,.+
0
. ,,,._
©
,--,+
249
)-
0
0
C_
0
©
a_
_D
_0
°,l,_
250 ORIGINAL PACE IS
when the spacecraft is in full-sun. Notice that the batteries remain at a
constant current charge and the temperature is about 4 - 5 degrees over
the orbital average of 9 degrees C.
Flight Data Presentation
For the purpose of providing consistency in the data used in trending
the selected battery parameters, a similar orbit comparison technique was
used. Data from sun angles 45 and 90 degrees were selected due to their
outright availability and for no other reasons. Although, data from the 90
degree sun angle region, which happens to be the worst case eclipse
period, gives a more representative end-of-discharge voltage. All the data
used for the trending were taken from the orbital power profiles ran for
the selected sun angles.
Figures 3 and 4 show the Time in Peak Power Tracking and Time in
Constant Current Charge respectively. Both parameters were plotted
versus ,mission elapsed time. Pertinent spacecraft configuration and load
conditions for all the data used in both figures as well as Figure 5 are as
follows:
Sun angle : 45 +/- 5 degrees
Minimum State of Charge : 93 +/-0.5%
Loads : No power amplifier usage
Current at End-of-Discharge : 12 +/- 2 amps.
Sun angle : 90 +/- 2.5 degrees
Minimum State of Charge : 91 +/-1%
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Loads : No power amplifier usage
Current at End-of-Discharge : 10 +/-1.5 amps.
Of the three parameters trended only the End of Discharge Voltage
versus mission elapsed time (Figure 5) shows any discernable trend. The
plot shows a slight decrease in the end of discharge voltage over the
two-year period.
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EFFECTS OF LONG TERM STORAGE ON AEROSPACE
NICKEL CADMIUM CELL PERFORMANCE
Thomas Y. Yi
Space Power Applications Branch, Code 711
NASA/Goddard Space Flight Center
Greenbelt, MD 20771
SUMMARY
A study currently being perfromed at NASA/Goddard Space Flight Center (GSFC) to evaluate the long
term effects on aerospace nickel cadmium cells is described. A number of 6Ah and 12Ah capacity cells
which have been stored in shorted condition for 9 to 11 years at the GSFC have been selected for this
study. Of the three tests which have been initiated (initial and final destructive analyses of the test
cells, GSFC electrical characterization tests, and life cycling tests) only the GSFC electrical
characterization tests have been completed; other tests are scheduled to be completed by February,
1987. The preliminary electrical performance data from the life cycling test and chemical composition
data from the destructive testing indicate no anomalous behavior.
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INTRODUCTION
Investigation of long term storage effects on aerospace nickel cadmium cell performance is an important
topic that has generated little interest. Although many works have been published on the performance
of a nickel cadmium cell, relatively few studies have been addressed on the effects of prolonged storage
of these cells in the recent years.
This topic is especially important to NASA in that we are interested in the reliability of a cell which
has been stored for an extended period of time after activation. Cells for a flight project are procured,
tested, made into battery packs, and placed in cold storage well in advance of the launch date.
Inevitably because of launch delays, the question of cell reliability as a function of storage time is often
asked. Originally NASA/Goddard Space Flight Center (GSFC) placed an arbitrary 18 months age
limit on nickel cadmium ceils held in storage for a spacecraft launch; this judgment limit was later
extended to 24 to 36 months. At present we at GSFC do not like to store cells for more than 3 to 4 years
after activation prior to the launch date, although there are data supporting storage periods of up to 5
years. With more studies on the topic of storage effects we may be able to extend our storage time limit.
A number of studies have addressed the issue of the long term storage effects on nickel cadmium cells
[1-13]. Bogner who tested the cells after a 6-month storage at 10°C reported that the capacity of the
cell packs was as good or better after storage [2]. Scott has studied the effects of storing batteries, which
were shorted and stored at 5 to 10°C, over a 4-year period. He found no appreciable adverse effect over
this time frame, and he suggested that the batteries can be store up to 5 years when the ceils are
shorted, and at a fairly low temperature [3]. Similarly Stanley reported that shorted storage has
proved to be effective for up to 5 years without significant degradation [4]. Thierfelder et al. reported
that the swelling of the positive plates and the decrease in overcharge protection are found to be the
life limiting characteristics during prolonged storage [5]. They recommended a maximum cell age of 3.5
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years at time of spacecraft launch for a 7.5 year mission. Brahim et al. found that the cells retained a
significant efficiency after 5 years of storage [6]. However Hobbs et al., based on their initial data,
suggest that storage effects will constitute a major problem [7]. They later reported reductions in
capacity between 1% and 75% after a 3 year storage period mode, depending on the cell model, storage
temperature, and storage time [8]. I would like to point out that the nickel cadmium cells studied by
Brahim et al. and Hobbs et al. were of commercial grade, not of aerospace quality.
Most of the aerospace cells used in the above studies were manufactured in the 1960's, whereas the cells
used in this study, in the 1970's. The cells used in this study resemble the present day nickel cadmium
cells in characteristics and construction more closely than most of the cells used in the above works.
Because the cells used in this study were fabricated at a later date, these cells have been manufactured
under refined process and under better quality control than most of those cells in the above works; these
cells have been manufactured and tested, adhering closely to NASA/GSFC Specification 74-15000,
Specification for Manufacturing of Aerospace Nickel-Cadmium Storage Cells [14].
This study was initiated to investigate the effects of long term storage on aerospace nickel cadmium
cells via electrical acceptance testing, simulated flight conditions at both real time and accelerated
time testing, and destructive analysis. The cells selected for this study have been stored at room
temperature under shorted condition in the Battery Lab at GSFC for 9 to 11 years. The results from the
study will be compared with previous data on these cells, namely from the initial acceptance data at
GSFC, and from the life cycling data on cells from the same lot at NASA Battery Facility at Naval
Weapons Support Center (NWSC) in Crane, IN. We have selected General Electric (G.E.) 6Ah and
12Ah nickel cadmium cells for this study. These cells have been chosen because of their relative
abundance in the Battery Lab, and also because of availability of their GSFC acceptance data and
NWSC life cycling data. Specific information on these cells is mentioned elsewhere [15-20]. The test
plans along with the preliminary data were first presented at the 1985 NASA/GSFC Battery
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Workshop [21-22].
TEST DESCRIPTION
For this study twelve cells have been selected from each of the IUE (International Ultraviolet
Explorere satellite) 6Ah and 12Ah cell lots at the Battery Lab at GSFC. Of the 12 cells within a lot, 2
cells underwent destructive analysis at Bowie State College in Bowie, MD, following the procedures
outlined in the NASA document X-711-74-279 [23]. The remaining 10 cells from each lot were fabricated
into two 5-cell packs, one of which was tested at the Battery Lab at GSFC, and the other at NWSC.
The steps in the GSFC electrical characterization test are outlined in Table 1. The operating
parameters of the NWSC life testing packs are listed in Table 2. The 6AH test pack is currently
undergoing accelerated geosynchronous orbit cycling (GEO), whereas the 12AH pack is operating at real
time low earth orbit (LEO) cycling. These test parameters were deliberately chosen to operate under
the same operating conditions as pack 231A for the 6AH pack, and pack 8G for the 12AH pack at NWSC
[24-31]. The specifics of the GSFC and NWSC tests were reported at the 1985 NASA/GSFC Battery
Workshop, and are available elsewhere [21-22].
RESULTS AND DISCUSSION
Only those tests at GSFC have been completed at this time. Therefore, the bulk of the discussion will
be on the results from those tests.
GSFC Electrical Characterization Tests
Electrical characterization tests as outlined in Table 1 in the Test Description section has been
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completed on the selected G.E. 6Ah and 12Ah cells. Figures 1 and 2 compare the cell capacities at
different charge rates and temperatures for the 6Ah and 12Ah cells, respectively. The preliminary
indication shows that both the 6Ah and 12Ah cells have improved their cell capacities after 9 to 11
years of storage. Moreover both the cell and third electrode voltages at end-of-charge (EOC) have
either remained the same or have increased after the storage period.
Our observation that cell capacities increase with storage time is of great concern. Although such
observation has been reported by Bogner [2], it is generally believed that cells degrade over long length
of time, principally due to degradation of the separator material, nylon. Real time synchronous orbit
tests and some LEO test have shown a gradual increase in the cell ampere-hour capacities during the
early cycles of life testing. Such increases may result either from incomplete formation of the positive
plates during cell manufacturing, or from inadequate active "excess charged" negative capacity at the
beginning of cycling [32]. Scott found that a very large percentage of changes is introduced during
acceptance testing, and that very little additional changes during shorted storage [11]. The tested
nickel cadmium cells have been stored shorted after some 30 cycles of testing in the original acceptance
test. These two ideas suggest that the tested IUE cells are more affected by the GSFC electrical
characterization test than by storage. If so, the tested IUE cells may exhibit a slight increase in their
cell capacities at beginning-of-life (BOL); we must wait until the life tests are completed to reach any
conclusion.
All the 6AH cells have met the performance specification as outlined in the Cell Acceptance Test Plan
[33-34]. From Fig. 1, we note that for either test dates, we see the generally observed cell behavior that
cell capacities increase with cycling time, and that the lowest capacity is seen during the overcharge
test where the temperature is at 0°C. For the 12AH cells, similar behaviors were noted (see Fig. 2).
Nearly all the plots from the GSFC electrical characterization tests, of cell voltage versus time, and of
third electrode voltage versus time, exhibited normal cell characteristics.
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The third electrode voltage plots for one cell (S/N 014) among the 6Ah cells displayed abnormal
behavior, however. This particular cell showed no change in the third electrode voltage for the
discharge portions during the second capacity check and during the overcharge test (see Fig. 3 and 4,
respectively). For the charge portions of the second capacity check and overcharge test, its third
electrode voltage did not change until the cell was fully charged (see Fig. 5 and 6, respectively). Such
behaviors for both the charge and discharge periods were not observed in the first capacity check and in
the subsequent capacity check or bum-in cycles.
This anomalous behavior of the third electrode is not a cause for an alarm. The third electrode voltage
is an "unpredictable" parameter. Baer reported that during his testing of the IUE cells, the third
electrode voltage test data revealed a very high degree of nonuniformity [20]. His finding was in accord
with Scott and Rusta [32] who stated that from the life cycling data and from flight experience the
third electrode performance is not reliable over long periods of time. Besides, the third electrode was
not utilized to control charge and discharge, but rather it was used to provide additional data.
NWSC Life Tests
Life tests for both the 6AH pack and 12AH pack are scheduled to be completed by February, 1987. To
date, the 6AH pack, which is labelled as pack 231C at NWSC, has undergone 9 accelerated shadow
periods; the 12AH pack, which is labelled as pack 8I, has undergone about 5000 LEO cycles. The latest
data from NWSC on packs 231C and 8I are plotted in Figures 7 and 8, respectively. In Fig. 7, pack 231C
has completed its eighth shadow period, i.e., equivalent of 4 years of synchronous cycling. The plot of
cell capacity check for pack 231C is shown in Figure 9; the cells have not lost any capacities after eight
shadow periods. In Fig. 8, pack 8I has completed 4552 LEO cycles. These plots exhibit normal cell
characteristics.
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Destructive Analyses
At the beginning of this study, four cells have been sent to Bowie State College, MD, for destructive
analysis; the test analyses show no anomalies. Eight more cells will be undergo destructive analysis
once the NWSC tests on the cells are completed.
CONCLUSION
This study was initiated to better understand the effects of long term storage on nickel cadmium cells.
The selected cells have passed the GSFC electrical characterization tests; they have been life tested
for over 5000 LEO cycles and 9 accelerated GEO shadow periods without failure. Because the tests are
still ongoing, no conclusions will be made until all the tests have been completed.
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Table 1. Steps used in the GSFC Electrical Characterization Tests
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C/2
20
Vohag¢ Limil_
Upper Limit I._n_cr Limit
IV) IV)
1.5l O.80
1.51 0.80
1.51 0.84)
I.._1 0.80
I._1 0.80
I._1 0.80
I._3 0.80
1.53 0.80
1.53 0.80
I.._3 0.80
1.53 0.80
1.53 0.80
1.53 0.80
1.53 0.843
I._3 0.80
1.53 0.80
1.53 0.80
1.53 0.g0
1.53 O.80
1.53 0.80
1.53 0._0
t.53 0._0
1.53 0.80
1.53 O X0
1.53 O.X0
1.53 tl.X(1
1.51 0 F.O
1.51 (I I_(I
T_I I)urathm
(huurxl
S_cil"_d E.xlimatcd
4X
24
24
16
24
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23
I
23
I
23
I
23
I
23
I
23
I
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I
23
I
24
3
2
3
2
3
w
2
3
2
3
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D
m
m
B
m
m
2
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2
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Table 2. Operating Parameters for NWSC Life Test Packs
6AH Pack 12AH Pack
Life cycling regime
Duration (year, real time)
Temperature (°C)
Depth-of-discharge (%)
Orbit
Charge
Discharge
GEO LEO
1 1
10 0
80 4O
25 day Eclipse 90 min
C/10 C/1.25
C/1.5 (Eclipse) C/1.25
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QUALIFICATION TESTING OF GENERAL ELECTRIC 50 Ah NICKEL-CADMIUM
CELLS WITH PELLON 2536 SEPARATOR AND PASSIVATED POSITIVE PLATES
George W. Morrow
Goddard Space Flight Center
Greenbelt, MD 20771
SUMMARY
Forty-two 50 Ah nickel-cadmium cells were delivered to the Goddard Space Flight Center (GSFC)
by General Electric (GE) in February, 1985 for the purpose of evaluating and qualifying a new
nonwoven nylon separator material, Pellon 2536, and the new GE positive plate nickel attack control
gas passivation process. Testing began in May, 1985 at the Naval Weapons Support Center (NWSC) in
Crane, Indiana with GSFC standard initial evaluation tests. Life cycling in both Low Earth Orbit
(LEO) and Geo-synchronous Orbit (GEO) began in July, 1985 with approximately 6500 LEO cycles and
three GEO eclipse seasons complete at this writing. After early problems in maintaining test pack
temperature control, all packs are performing well but are exhibiting higher than 'normal charge
voltage characteristics.
INTRODUCTION
In the early 1980's, Pellon Corporation announced that it would discontinue the manufacture of
areospace nickel-cadmium nonwoven nylon separator material, Pellon 2505 ml. That announcement
meant that a new separator material would have to be developed and qualified for aerospace use.
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Pellon2536,very similarto2505 ml, was chosenin1984 as the new separatormaterial.In the
meantime, GE had developed a new positive plate process to reduce the amount of attack on the nickel
sinter structure during active material impregnation. This process, therefore, also needed to be tested
to determine the effect, if any, it would have on the well defined performance characteristics and life of
the space cells. Therefore, a test program was put together by the GsFC to evaluate and qualify both the
separator and positive plate process. Cell fabrication for this program was initiated in early 1984 at GE
and the cells were delivered in February, 1985.
CELL DESCRIPTION
The 50 Ah nickel-cadmium cells being tested in this program were activated with electrolyte
during the 37th week of 1984. All cells have dual, nickel braze, ceramic-to-metal terminal seals and
welded prismatic cases with a nominal case wall thickness of 0.0265 inch. Cells undergoing test are
made up of 4 designs: 1) NASA standard with Pellon 2505 ml separator, old positive plate processing,
and teflonated negative plates (42BO50AB20); 2) Pellon 2536 separator, old positive plate processing,
and teflonated negative plates (42BOSOAB25); 3) Pellon 2505 ml separator, gas passivated positive plate
processing, and teflonated negative plates (42BO50AB26); and 4) Pellon 2536 separator, gas passivated
positive plate processing, and teflonatednegative plates (42BO50AB27). Cell design data is presented
in Table 1. The cells were manufactured to GE Manufacturing Control Document (MCD)
232A2222AA-84 _.nd acceptance tested at GE to Acceptance Test Procedure P24A-PB-222 prior to
delivery.
TEST OBJECTIVES
The objectives of this test program are: 1) to evaluate the effects of Pellon 2536 separator material
and the new GE positive plate nickel attack control gas passivation process on cell performance and
life and 2) to qualify these changes for use in NASA/GSFC spacecraft applications.
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INITIAL EVALUATION TEST RESULTS
The standard initial evaluation test used by the GSFC is outlined in Figure 1. Results of the initial
evaluation tests were reported at the 1985 NASA/GSFC Battery Workshop and, therefore, will only be
summarized here.
First, packs with the GE gas passivated positive plates exhibited higher peak and end-of-charge
voltages during capacity and overcharge tests. Peak voltages were as much as 20 mV higher than other
packs. Second, capacity test results for all packs compared well. Capacities ranged between 58.7 Ah
and 63.2 Ah. Third, packs with the GE gas passivated positive plates recovered to a lower voltage
during voltage recovery tests following 16 hour resistive short down. Voltage differential between
packs was as much as 35 mV. Fourth, internal resistance, charge retention, and pressure versus
capacity returned test results compared well between all packs.
LIFE CYCLE EVALUATION TEST DESCRIPTION
The identification of each test pack and the test matrix outlined is detailed in Table 2. There were
initially 3 cycling regimes in this test: LEO 40% DOD and 20°C (IA020), LEO 40% DOD and 0°C
(L4000), GEO 80% DOD and 20°C (G8020). All four cell designs are being tested in the the IA020 regime
(packs 150A-150D) while only the old positive, 2536 separator and passivated positive, 2536 separator
designs are tested in the G8020 regime (packs 150H and 150I) and only the passivated positive, 2536
separator design is tested under the L4000 regime (pack 150G). Because of problems encountered with
maintaining 0°C and cell divergence in the pack, the IA000 pack temperature was raised to coincide
with the IA020 packs at cycle 2920.
In the IA020 regime, the cells are discharged at a 0.8C rate (40 amperes) for 30 minutes and charged
at a 0.8C rate to a voltage clamp at which point the current is allowed to taper for the remainder of the 60
minute charge period. The voltage clamp was initially selected to assure a percent recharge (C/D) of
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112+ 2 percent. All LEO packs undergo a capacity check at the normal cycling discharge rate to 0.75
volts/cell every six months.
The G8020 regime is a real-time GEO regime with a 42-day eclipse period occurring twice per year.
During shadow periods the cells are discharged at a 0.667C rate (33 amperes). Following each shadow,
the packs are charged at a 0.1C rate (5 amperes) to 115 percent recharge (C/D) or 1.48 volts any cell,
whichever occurs first. At that time, the rate is reduced to a 0.017C rate (0.83 ampere). During periods
of continuous charge (full sun periods), the packs are trickle charged at the 0.017C rate. The packs are
reconditioned to 0.75 volt]cell before each eclipse season. All test packs contain 5 cells.
LIFE CYCLE EVALUATION TEST RESULTS
At this time, the L4020 packs have experienced approximately 6500 cycles while the LA000 pack has
seen 3600 cycles. The G8020 packs have gone through 3 eclipse seasons. Problems were encountered
early in the cycle life test in controlling the internal cell temperatures in the L4020 packs.
Temperatures at various locations in the packs rose to as high as 28°C and temperature imbalance
between the cells caused severe cell voltage divergence. Because the capability of providing active
cooling to the individual packs was not available, it was decided that the environmental chamber
temperature be lowered to 10°C in order t0 maintain a 15°C internal pack temperature at the hottest
point. This was done at cycle 2900. Since that time, cycling has continued without anomaly.
Current cycling endpoint data is presented in Table 3. This data shows that packs 150A through
150D compare very well in performance with all end-of-discharge (EOD) voltages between 1.03 and
1.10 volts/cell and charge/discharge ratios between 1.03 and 1.05. These EOD voltages are in the range
expected from previous tests run on NASA standard 50 Ah cells at 40% DOD. All packs are operating at
the same voltage clamp. Figures 2 through 5 are typical cycle plots for packs 150A through 150D. These
plots correspond to the cycle prior to the scheduled 1 year capacity check. Figures 6 through 9 are the
discharge curves for the 1 year capacity check. The second plateau characteristic is very noticeable at
28O
thenormalcyclingDOD. Thecapacitiesofall packscomparefairly well and range between 43 and 50
Ah.
Problems related to temperature were also experienced with the L4000 pack (150G). At 0°C, cell
divergence within the pack occurred at approximately cycle 2833. In the next 50 cycles, the voltage
clamp was adjusted numerous times without avail. At cycle 2920, the environmental chamber
temperature was raised to 10°C to maintain a pack temperature of 15°C at the hottest point. Cycling has
continued since that time without anomaly. It appears, therefore, that differences in charge efficiency
between the cells at cold temperatures caused pack imbalance. This is being investigated and will be
reported on at a later date.
Through 3 eclipse seasons, the G8020 packs (150H and 150I) have performed without anomaly.
Reconditioning discharges prior to eclipse season 2 for packs 150H and 150I are presented in Figures 10
and 11 respectively. These curves show that there has been no loss of capacity and that both packs are
performing comparably. A measure of the number of ampere-hours in and out for each day during
eclipse season 2 is presented in Figures 12 and 13. These figures show the discharge profile for each
day in the eclipse season and show the capacity returned during each charge at both the high rate and
low rate. End-of-charge and end-of-discharge voltages are shown in Figures 14 and 15 for both packs.
Both packs are performing well with minimum EOD voltages of approximately 1.15 volts/cell at 80%
DOD. A slight divergence in cell EOC voltages at the high rate charge is apparent from Figure 14.
These voltages come back together during the subsequent low rate charge period.
CONCLUSIONS
Slightly higher charge voltages as well as increased voltage divergence has been observed in all
gas passivated positive plate test packs. This is most clearly seen in overcharge tests and LEO cycling
test voltage clamp settings. Performance at low temperatures has also been a problem with pack 150G.
C"- v.( 281
Thisproblemis being investigated and may prove to be associated with low temperature charge
efficiency.
Overall, performance of all cell designs has been acceptable with no extreme differences observed
with Pellon 2536 separator or the GE gas passivated positive plates. Life cycle testing will continue to
failure.
REFERENCF__
1. Morrow, G. W., "Qualification Testing of General Electric 50 Ah Nickel-Cadmium Cells with
New Separator and New Positive Plate Processing," The 1985 Goddard Soace F|ight Center Battery_
Workshom NASA CP 2382, pages 159-168.
2. Morrow, G. W., "Qualification Testing of General Electric 50 All Nickel-Cadmium Cells with
New Separator and New Positive Plate Processing," Journal of Power Sources, vol. 18, nos. 2 and 3,
September 1986, pages 135-144.
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• PHENOLPHTHALEIN LEAK TEST
• THREE CAPACITY TESTS
• INTERNAL RESISTANCE TEST
• CHARGE RETENTION TEST, 20°C
• INTERNAL SHORT TEST
• CHARGE EFFICIENCY TEST, 20°C
• OVERCHARGE TESTS, 0 ° AND 35°C
• PRESSURE VERSUS CAPACITY TEST
• PHENOLPHTHALEIN LEAK TEST
Figure 1. Initial Evaluation Test Regime.
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N88- 11037
FLIGHT EXPERIENCE OF SOLAR MESOSPHERE
EXPLORER'S POWER SYSTEM OVER
HIGH TEMPERATURES RANGES
_ack Faber*
Daniel Hurley**
This paper summarizes the performance of
the power system on the Solar Mesosphere
Explorer (SME) satellite for the life of
the mission and the techniques used to
ensure power system health. Early in the
mission high cell imbalances in one of the
batteries resulted in a loading scheme
which attempted to minimize the cell
imbalances without causing an undervoltage
condition. A short term model of the power
system allowed planners to predict depth of
discharge using the latest available data.
Due to expected orbital shifts the solar
arrays experience extended periods of no
eclipse. This has required special
conditioning schemes to keep the batteries
healthy when the eclipses return. Analysis
of the SME data indicates long term health
of the SME power system as long as the
conditioning scheme is continued.
INTRODUCTION
SME was launched 6 Oct 1981 into a nearly circular polar
orbit at an altitude of 854 km. The satellite was injected
at an inclination of 97.8 degrees to maintain a near 3AM-SPM
sun-synchronous orbit. However, since SME has no onboard
mechanism for adjusting its orbit the natural orbital
perturbations have caused the orbit plane to precess out of
* SME Mission Analyst Manager, Laboratory for Atmospheric
and Space Physics, University of Colorado, Boulder,
Colorado.
** SME Flight Analyst, Laboratory for Atmospheric and Space
Physics, University of Colorado, Boulder, Colorado.
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the shadow of the earth. The duration of each orbits eclipse
has varied from a high of 32 minutes to the current low of 0
minutes. This has caused fluctuations of electrical shelf
temperatures, which have ranged from 20 to 60 degrees C.
DESCRIPTION OF SME'S POWER SYSTEM
SME has an unregulated, direct energy transfer power system.
Power is generated By eleven parallel diode protected solar
array panels, with three additional switchable panels. The
energy is stored in two nickel-cadmlum batteries containing
21 cells each. While charging to each battery can be
disabled, Both Batteries can discharge through a diode even
when commanded off line. Overcharge protection is provided
by a shunt regulator that has been commanded to shunt at the
lowest of four voltage-temperature (V/T) levels.
Undervoltage protection is provided by logic that will turn
off all nonessential loads if the voltage drops below 23.7
volts.
The batteries where build by SAFT in the spring of 1977 for
use on the P-78 satellite. They were used during P-78 ground
tests from Oct 1977 through Sep 1978 and then placed in cold
storage. The batteries were tested on Sept 1979 and then
returned to cold storage before Being placed in SME on Sept
1980. Prior to launch the batteries were cycled
approximately I00 times to less than 20% DOD and
approximately 20 times to more than 50% DOD (ie.
conditioning cycles). In all ground testing battery two was
observed to have slightly higher capacity and better balance
than battery one.
EARLY MISSION SUMMARY
During the first 4 years of the mission the battery
temperatures varied between 15 and 30 degrees C (Fig. I).
Since the angle between the solar arrays and the sun has been
kept at a constant 37 degrees the driver for this fluctuation
was the yearly solar intensity (Fig. 2). The duration of
eclipse has varied little during this period (Fig. 3). The
cell imbalance monitors on board, which averages and compares
the voltage on each half of each battery, began to rise in
both batteries but especially in Battery one. In late 1981
battery one was taken off line automatically by the cell
monitor. Five days later, battery two was commanded off line
to provide deeper conditioning than one eclipse could
provide. During the remainder of the mission, on one eclipse
per day, optional loads were commanded on to cause a I0%
discharge of the batteries to 24.5 volts (Fig. 4). This was
combined with some loading during charge to reduce the charge
rate to C/10.
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TEMPERATURE PROBLEMS WITH BATTERY ONE
During the fall of 1988 the duration of eclipse dropped to
less than 20 minutes, for the first time in the mission, and
the temperature of the electrical shelf began to rise.
However,the temperature of battery one rose an additional 7
degrees C above the electrical shelf (Fig. 8). This
additional temperature rise caused battery one to heat the
shelf above that predicted for the observed duration of
eclipse. Battery one had become a heat source for the
electrical shelf. Also, cell imbalances in battery one began
to rise during charge and the amount of heat generated by
battery one continued to increase. By reducing the charge
rate to c/10 the cell imbalances in battery one where brought
under control and the temperatures stabilized. Consideration
was given, at that time, to taking battery one off llne.
However, since it was not possible to accurately determine
the sharing between the two batteries and since the
temperatures where under control battery ome was left on
lime.
NO ECLIPSE
As the first period of no eclipse approached, the temperature
of battery one began to increase more rapidly than that of
the other electrical shelf monitors. It was decided, at that
time, to take battery one off llne. The results of taking
battery one off line where dramatic. Within I0 hours, the
temperature of battery one dropped 18 degrees C and the
temperature of battery two dropped 4 degrees C. At this
time, the battery temperatures again matched the electrical
shelf temperatures. The voltage of battery one dropped 5
volts during the next 30 hours. As the voltage of battery
one continued to drop, a decision was made to leave it
off-line for the remainder of the mission (Fig. 6).
After the satellite entered the period of no eclipse, battery
two was also taken off line. At that time it became possible
to reoalibrate the current monitors of battery two.
Reoalibration confirmed the ooeffiolents had been
underestimating the share of discharge battery two provided
at temperatures above 30 degrees C. It is estimated battery
two will be able to supply adequate power to avoid
undervoltage during the 1987 eclipses. During the current
period of no eclipse, battery two is conditioned by being
taken off line for 5-7 days at approximately o/1000
discharge, then recharged for 30 minutes at o/I0. After the
30 minutes, the bus voltage reaches shunt and the shunt
control trickle charges the battery for an additional four
hours, after which the conditioning cycle is repeated. If
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trickle charge is allowed to continue for more than 4 hours a
slight temperature increase is noted in battery two,
indicating overcharge.
VOLTAGE PREDICTION
Prior to no eclipse, battery voltage was modeled as a
function of the capacity removed from the battery. On a
daily basis commands were loaded into the onboard memory.
These commands controlled the times loads were turned on and
off. Knowing the draw of each load and its duration, the
capacity removed from the battery during each eclipse could
be calculated and applied to the model to predict the battery
voltage. During no eclipse, however, the battery trickle
discharges, while offline. This trickle discharge is due to
the small draw placed on the battery by the monitors. The
value of this draw is unknown, since it is below the
resolution of the monitors.
While battery two is offllne, changes in voltage occur
slowly. The slow change allows for accurate modeling of the
battery's dlsoharge curve (Fig. 7). In order to predicted
the battery's voltage, over time, a simplification of the
Shepherd equation was used.
O -)i - Ni + Ae(-BQ-'it) (Shepherd equation)E= Es-K Q-it
If the amount of current drawn from the battery is
constant, then the Shepherd equation (Ref. I)
simplified to give:
W + Ye(-zt) (simplifed Shepherd equation)E =V I -Xt
assumed
can be
The coefficients (V-Z) are adjusted until the predicted
voltage zatohes the observed voltage.
CONCLUSION
Battery one, which was the weaker of the two batteries,
failed initially in 1985 when the increase in sunlight caused
it to be overcharged. The battery went into a thermal
runaway condition in 1986 and was taken off line. The rapid
drop in the voltage of battery one, once off line, was an
indication of its weak condition. The current conditioning
of battery two will tend to create a soft battery, due to the
low discharge rate to shallow depths. Alternate conditioning
cycles, however, are being investigated to insure battery two
will be able to provide sufficient energy during the eclipses
of 1987.
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REAL TIME CHARGE EFFICIENCY MONITORING FOR NICKEL ELECTRODES
IN NICD AND NIH2 CELLS
A. H. Zimmermen
Chemistry and Physics Laboratory
The Aerospace Corporation
E1Segundo, CA 90245
Introduction
The charge efficiency of nickel-cadmium and nickel-hydrogen battery cells is
critical in spacecraft applications for determining the amount o£ time
required for a battery to reach a full state o£ charge. The charge efficiency
is the amount of charge stored relative to the amount being input to the
battery by the battery charging system. As nickel-cadmium or nickel-hydrogen
batteries approach about 90x state o_ charge or higher, the charge efficiency
begins to drop towards zero, making estimation of the total amount of stored
charge uncertain. Knowledge o£ the charge efficiency during real tlme
operation could provide switch points for switching to trickle charge with
minimum overcharge, battery charge control data for autonomous operation, or
could allow automatic battery problem detection and responses in intelligent
systems.
For nickel-cadmium batteries, which constitute most of the existing data base
for space flight battery experience, it is difficult to accurately determine
charge efficiency on a real time basis during uninterrupted operation. Charge
efficiency estimates are typically based on prior history o_ available
capacity following standardized conditions for charge and discharge. These
methods work well as long as performance does not change eignlficantly. Such
performance changes may however make battery operation difficult as the
batteries degrade towards the end of their life. The situation is potentially
better for nickel-hydrogen batteries, for which internal cell pressures can
provide an indication of the amount of charge stored. However such pressures
can drift over long periods of operation, pressure monltoring hardware on each
cell can be quite heavy, and the reliability of pressure monitoring strain
gauges has been a problem. Thus a relatively simple method _or determining
charge efficiencies during reel time operation for these battery cells would
be a tremendous advantage. Furthermore such a method should ideally require
monitoring of nothing more than the voltages of the bsutery cells. Such a
method has been explored in this work, and appears to be quite well suited for
application to nickel-cadmlum and nlckel-hydrogen battery ceils.
Method for Determining Charge Efficiency
The charge efficiency of a nickel-cadmium or nickel-hydrogen cell
nickel electrode limited ee full charge is approached is given by
N = 1 - Iox/I
where, N is the fraction of the current I that is being stored in the
Iox le the current going into evolution of oxygen, i. e.
oxygen evolution current may be determined from the cell
that is
(i)
cell.
overcharge. The
voltage using a
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standard Tafel expression, assuming that the potential of the negative
electrode does not change significantly as the cell goes into overcharge.
Iox = Ioexp(KV) (2)
where Io and K are empirically determined constants that define the rate o£
oxygen evolution as a function o£ cell voltage. These constants may be
conveniently measured or updated without discharging the battery cell simply
by measuring the cell voltage as a function of current when the cell is fully
charged, a condition that causes all the current to go into oxygen evolution.
Cell Tests
The method outlined above was tested using both laboratory cells and sealed
6Ah NiCd cells. The laboratory cells had a nickel electrode, a Hg/HgO
reference electrode, and a nickel metal counter electrode, and used 31x KOH as
electrolyte. The temperature o£ all cells tested was controlled to within +0.1
deg C using a regulated temperature bath that pumped cooling fluid through a
copper block into which the cells were mounted. All tests were both controlled
and monitored by a microprocessor, which operated from an uninterruptible
power system. Independent under- and over-voltage interlocks were Includes in
the system for cell salary in the event of an equipment malfunction.
The first tests that were done involved simply charging the cell followed by
discharge at a C/2 rate (the C rate discharges the nameplate cell capacity in
a one hour period). Typical voltages during charge at a C/10 rate for both
laboratory cells and a 6 Ah NICd cell are indicated in Fig. 1. While the cell
was at a full state of charge, the current/ voltage curve for oxygen evolution
was measured by reducing the current from the C/10 charge rate to C/20, C/50,
and C/100. At each charge rate the cell voltage was allowed to stabilize
before being recorded. The steady-state oxygen evolution voltages were
corrected for the ohmic voltage drops within the cell, which was a negligible
correction for charge rates o_ C/10 or lower. The capacity stored in the cell
was plotted as a function of time on charge at a C/10 rate. Typical data are
indicated in Figs. 2 and 3 for 0 deg C and 23 deg C operation o£ the
laboratory cells. Using the measured voltages during recharge with the
measured oxygen evolution current/voltage curves, the charge efficiency was
calculated from Eq. (1) and the total stored capacity was compared to the data
of Figs. 2 and 3. This procedure gave good agreement with the experimental
results aa long as the voltage rollover observed as the cell went into
overcharge was not significant, such as at 0 deg C. Voltage rollover is
defined in Fig. 1. The voltage rollover observed in both laboratory cells and
sealed NiCd cells was taken into account by assuming that this effect was due
to an offset in the overcharge voltage that occured as the state of charge
increased to where oxygen began to be given off. Such an offset could arise
_roa changes in the nickel electrode as it goes into oxygen evolution, or from
changes in the negative electrode potential resulting from the oxygen
generation. When such a voltage offset correction was applied by subtracting
the offset from the voltages measured prior to rollover, excellent agreement
was obtained between the measured capacity and that calculated. (At rollover
the offset was exponentially attenuated according to the width of the rollover
peak). The calculated results are indicated in Figs. 2 and 3 _or both capacity
and charge efficiency as a function of charge time. Calculations were also
done that optimized the agreement between the data and the calculated results
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by ad3usting the amplitude o_ the voltage o_set. These calcuiations indlcated
that optimum agreement was obtained when the offset was the same as the
amplitude of the voltage rollover.
The results o£ similar tests for a 6 Ah NiCd cell are indicated in Fig. 4 at
23 deg C. While the amplitude o_ the voltage rollover is greater in this cell
than in the laboratory cells o£ Figs. 2 and 3, excellent agreement between the
measured and the calculated capacity is obtained when the overcharge
potentials are corrected for the amplitude of the voltage rollover. The data
of Figures 1-4 indicate that while the voltage behavior during charge may be
significantly affected by both temperature and prior cell history, the
measured voltage behavior maintains a good correlation with the charge
efficiency characteristics.
The capability to predict charge efficiencies from voltage for a single cycle
is of some use, however o£ more practical use is the ability to determine
charge efficiencies during continuous cycling, which is how batter7 cells are
used in space applications. The most sensitive test of the charge efficlenc7
calculation is to charge a cell to near full charge, then to cycle it a number
of times at about 50_ DOD using a charge return of 100.0_. Since no additional
charge is being returned to compensate for overcharge (oxygen evolution), the
cell should gradually decrease in state of charge. This test was done for both
laboratory cells and a 6 Ah NICd cell. After 12 cycles the cell was discharged
to determine its state of charge. The voltage of the cell during the cycling
was used to calculate the state of charge and charge efficiency continuously
during the cycling, giving the results in Figs. 5 and 6 for the laboratory and
6 Ah cells respectively. The agreement between the measured capacity a_ter the
cycling and that calculated from the cell voltage alone is excellent. The
current voltage relationship used to determine oxygen evolution as a _unctlon
of voltage was determined both before and after the 12 cycles, and was found
to only exhibit small changes with cycling. Such changes in oxygen evolution
voltages are likely to occur quite slowly during long-term CTCllng, and may be
easily considered in charge efficiency calculations by periodically measurlng
the overcharge voltage as a function of current.
Requirements for System Application
For the method evaluated here to be applied to determining charge eificlency
and state o_ charge An a battery system, several requirement8 muen be met. The
first o_ these is that individual cell voltages be provided to a processing
facility, whether on the ground or part of the power system. The system mu&t
also have the ability to periodically determine the overcharge voltage as a
function of current. This can be done when the battery is at full charge
during sunlit periods for geoaynchrouous applications. For low-earth orbit
applications such measurements may be possible during trickle charge or by
varying the VT level while the battery is fully charged. In systems where
temperatures may vary significantly during recharge, methods to correct the
magnitude of the voltage rollover as a _unction of temperature must be
established. The evaluation of such methods in llfe tests can provide data to
indicate how well they work over long term operation.
Conclusion8
A method has been demonstrated to e£fectlvel7 allow the charge efficiency of
313
NiCd and NiH2 cells to be monitored in real time, using only voltage
•easureRents as inputs. With further evaluation such a uethod Lay provide a
means to better manage charge control o£ batteries, particularly in systels
where a high degree o_ autonomy or system intelligence is required.
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STATISTICALLY DETERMINED NICKEL CADMIUM
PERFORMANCE RELATIONSHIPS
Sidney Gross
Boeing Aerospace Company
Seattle, Washington 98124
A considerable amount of data are customarily taken on aerospace nickel cad-
mium cells tocontrol manufacture, to verify that the cells will be accept-
able, and to select well-matched cells for assembly into batteries. These
data provide an opportunity for statistical analysis on data distribution and
the interrelationships between parameters. This information can be helpful in
understanding behavior, for use in quality control, and in identifying possi-
ble problems with individual cells or with lots of cells, and even for manu-
facturing process control (Figure l). This is also a logical approach for
analysis of a common data pool for Ni/Cd cells. Since the data required for
analysis is already available during manufacture, there is little additional
cost involved for data acquisition. In fact, computerized data handling will
save money in data processing. Furthermore, data analysis should be able to
help screen out unnecessary tests, for additional cost saving.
A statistical analysis was performed on sealed nickel cadmium cell manufactur-
ing data and cell matching data. The cells subjected to the analysis were 30
AH sealed Ni/Cd cells, made by General Electric Co. A total of 213 data para-
meters was investigated, including such information as plate thickness, amount
of electrolyte added, weight of active material, positive and negative capa-
city, and charge-discharge behavior (Figure 2). Statistical parameters deter-
mined include the maximum and minimum values, arithmetic mean, variance,
standard deviation, skewness, kurtosis, and data histograms (Figures 3 and
4). Figure 5 shows a typidal data histogram with very little skewness or kur-
tosis, whereas, Figure 6 shows another which is skewed and has a high kur-
tosis. Statistical analyses were made to determine possible correlations
between test events; for example, if there is any connection between end of
charge voltage and pressure, or between electrolyte amount and capacity.
The data show many departures from normal distribution. Some departures are
inherent in the physical behavior of cells, and others are due to manufactur-
ing bias. For example, in one lot of cells, the data fall in two distinct
groups, which were identified as caused by manufacturing variations from batch
processing. Skewing of pressure data sometimes occurred very strongly and
appeared to be related to removal and rework of the high pressure cells.
Statistical relationships between data obtained during one test event and
another were also obtained. The analysis used was the rank-difference method
for coefficient of correlation, producing coefficients that can range from
-l.O to +l.O for perfect positive correlation and perfect negative correla-
tion, respectively. Completely random results would yield a correlation of
O. For example, the relationship between cell pressures for 30 AH cells at
two unrelated test conditions was evaluated 20 hours into the charge at 3.0
amperes and 75°F versus 72 hours into the charge at 1.5 amperes and 32°F.
Correlation coefficients for five lots averaged 0.62, showing that there is a
definite relationship (Figure 7). Pressure at 72 hours of charge also corre-
lates with pressure after two hours of discharge. Pressure does not correlate
very well with voltage, however, and its correlation with pressure at the end
of charge on the last cycle is good for only one of the four lots.
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Sometimes two parameters would show a strong positive correlation for some
lots but not for others. This behavior appeared to be the result of important
differences between lots. In analyses of five lots, this was found to be the
case for correlations of pressure vs. voltage (ranging 0.097 to 0.47), early
life pressure vs. pressure after cycling (ranging -0.187 to 0.604), end of
charge voltage vs. KOH volume (ranging 0.026 to 0.987), open circuit voltage
24 hours after removing shorting wires vs. l.O hours afterwards (ranging 0.306
to 0.972, Figure 8), and also vs. open circuit voltage 24 hours after
15 A/l minute charge following 16 hours shorting (-0.054 to 0.998, Figure 8).
Occasionally, there are interesting surprises, though upon reflection these
are understandable. For example, thickness of the cells, measured at the
center, correlates very well with the final cell weight (Figure 9), and also
correlates well with the open circuit voltage 24 hours after a 15 A/l.O min
charge following 16 hours shorting. Data are not available to determine
whether these correlations would hold also for other lots.
The end of charge voltage after 31 cycles is found to correlate well with that
same voltage at the first cycle (Figure lO). It also correlates well with
capacity. For only one of the four lots did KOH final volume and end of
charge voltage appear to be related.
Capacity to l.O V and capacity to 1.15 V were found to be closely related,
though with some departure for one of the lots. Interestingly enough, capa-
city to l.O V on one test did not correlate, for three of the four lots, with
capacity to l.O V for another test (Figure ll). The test conditions for test
7 were C/20 charge for 72 hours at O°C, and discharge at C/2 at O°C.
Product consistency from one lot to another is an important a%tribute for
aerospace applications. It is clear from these examples that there are some
significant differences between these lots. Statistical analyses are seen to
be an excellent way to spot those differences. Also, it is now proven beyond
doubt that battery testing is one of the leading causes of statistics.
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TECHNOLOGY
o Investigate interrelationships between parameters
o Help understand behavior
MANUFACTURING PROCESSING CONTROL
o Identify long-term changes in processes
o Identify batch-to-batch differences
o Common data pool for Ni/Cd cells
QUALITY CONTROL
o Identify problems with individual cells
o Identify problems with cell lots
o Help select matched cells for batteries
COST
o Data are already available
o Computerized data-handling will save money
o Analysis can help screen out unnecessary tests
Figure 1. Advantages of Statistical Data Analysis.
0
0
O
30 AH sealed NiCd cel Is
Used manufacturing data and cell matching data
213 data parameters were investigated; e.g.,
o Plate thickness
o Amount of electrolyte
o Weight of active material
o Positive and negative capacity
o Charge-discharge behavior
o Many others
o Multiple manufacturing lots
Figure 2. Basis for Analysis.
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o Maximum and minimum values
o Arithmetic mean
o Variance
o Standard deviation
o Skewness
o Kurtosis
o Data histograms
o Correlations between test events
Figure 3. Statistical Analysis.
Skewness
B2=3 B2< 3
Kurtosis
Figure 4. Statistical Terms.
B2>3
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Pressure at 72 hours of charge versus:
Voltage at 72 hours
Pressure at 20 hours
Pressure at 120 minutes of
discharge
Pressure at end of charge,
last cycle
Correlation Coefficient
Lot 5 Lot 6 Lot 7 Lot 8
0.097 0.390 0.264 0.255
O. 663 O. 589 O. 447 O.792
0.492 0.582 O.gl6 0.799
0.484 0.343 0.604 -0.222
Figure 7. Pressure Effects.
Open circuit voltage 24 hours after
removing shorting wires versus:
OCV l.O hour after removing
wires
OCV 24 hours after 15A/l.O min
charge following 16 hr shorting
Correl ati on Coeffici ent
Lot 5 Lot 6 Lot 7 Lot 8
O.306 O.319 O.942 O.972
-0.054 0.637 0.003 0.998
Figure 8. Open Circuit Voltage Effects.
Cell center thickness versus:
OCV 24 hrs after 15A/l.O min
charge fol lowing 16 hr
shorting
Final cell weight
Correl ati on Coefficient
Lot 8
0.996
0.997
Figure 9. Cell Thickness Effects.
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End of charge voltage at cycle 31 versus
EOCV at cycle l
Capacity to l.OV
KOH final volume
Correlation Coefficient
Lot 5 Lot 6 Lot 7 Lot 8
l.O00 l.O00 l.O00 0.999
0.999 l.O00 0.871 0.990
O.131 -0.061 0.186 0.976
Figure 10. End of Charge Voltage Effects.
Capacity to l.OV (C/IO chg 14 hr, C/2
disch, 75°F) versus:
Capacity to 1.15V, same test (B)
Capacity to l.OV, test 7
End of charge voltage, cycle 31
Correlation Coefficient
Lot 5 Lot 6 Lot 7 Lot 8
O.996 O.999 O.912 O.560
O.191 -O.ll6 0.187 O.Sll
0.999 l.000 0.871 0.980
Figure 11. Capacity Effects.
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TEST SUMMARY FOR ADVANCED H2 CYCLE NI-CD CELL
Lee Miller
Eagle-Picher Industries, Inc.
ABSTRACT
To improve operational tolerances and mass, the H 2 gas recombination
design provisions of the Ni-H 2 system have been incorporated into the sealed
Ni-Cd system. Produced is a cell design capable of operating on the "H 2
cycle" versus the normal "02 cycle". Three (3) test cells have now com-
pleted approximately 4,300 LEO (90 minute) cycles at 20% DOD. Performance
remains stable although one (i) cell exhibited a temporary pressure anomaly.
INTRODUCTION
This paper is intended as a test summary update on a small group of
cells which evolved from development efforts previously reported in the
NASA/GSFC Battery Workshop. (I)
Three (3) 50 AH rated, space type, Ni-Cd battery cells were equipped
with standard, Ni-H 2 type, catalytic gas electrodes as shown in Exhibit
No. i. These cells incorporated no discharged negative electrode capacity
or "overcharge protection". H 2 gas evolution at the negative electrode
during charge is expected and intended in this design.
By connecting (electrically) the cell case directly to the cell posi-
tive terminal, the evolved H2 gas would be expected to be recombined rapidly
by the reactions summarized in Exhibit No. 2.
DESIGN ADVANTAGES
If the concept proves successful, it is believed the design will offer
the advantages listed in Exhibit No. 3. These advantages should allow the
production of a sealed Ni-Cd cell design which can tolerate higher charge
rates over a wider temperature range while offering a longer cycle life at
a higher DOD.
In addition, a lower mass or improved specific energy should be achieved
by elimination of the present weight associated with the negative electrode
discharged or overcharge protection capacity increment. This improvement
relative to a current "02 cycle" cell design is summarized in Exhibit No. 4.
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TEST SUMMARY
The three (3) 50 AH rated cells were equipped with pressure gages and
mounted in a thermal control system. Shorting straps were connected from
the positive terminal of each cell to its case. The charge/discharge cycle
was controlled automatically to a fixed time at a constant current. A limited
test budget necessitated manual data acquisition which imposed the need for
some data extrapolation to the actual end point.
Test parameters and major events are summarized in Exhibit No. 5. In
general, stable performance continues to be maintained.
The capacity measurements were performed via reconditioning cycles from
a fully charged state.
Because of pressure recovery, no examination of the one (i) anomalous
cell has been performed yet to determine the cause of its performance diver-
sion. It is suspected in these "first build" test cells a high resistance
may have temporarily developed in the catalytic electrode-to-positive elec-
trode circuit.
Test data was only summarized to approximately cycle number 3,360 because
a large group of cells from another program were introduced into the thermal
control system. A higher test temperature required by the large group of
cells precludes a direct comparison with the earlier cycle data.
CONCLUSION
Testing is continuing on a small group of "H 2 cycle", sealed Ni-Cd cell
designs with successful results. To date, 4,300 LEO cycles have been achieved
at a 20% DOD.
The goal is to demonstrate concept feasibility leading to the production
of an advanced sealed, Ni-Cd cell design offering improved operational tol-
erance and lower mass.
REFERENCES
(i) Miller, L. (Eagle-Picher Industries): "An Advanced Ni-Cd Battery
Cell Design". Proc. 1985 Goddard Space Flight Center Battery Workshop, NASA
Conference Publication 2434, GSFC Greenbelt, Maryland, November 19-21, 1985.
344
i
o
LO
@
U
m
n-
U_ \
@
-0 0
-0 0 L
@ E >
3 _ 0
@ 0
M 3
_Q +_ -0
I-- _Q
r_
E
<
r..)
G_
Z
GI
.,,,_
345
• H + 2 OH _- [2 H 0 + 2e ]
2 2
2 NIOOH + [2 H 0 + 2e ] * 2 Ni (OH) + 2 OH
2 2
COMBINED RERCTION
•
2 NiOOH + H 2 -),- 2 Ni (OH) 2
Figure 2. Sealed Nickel-Cadmium Gas Electrode Reaction.
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1. INCREASED OPERATIONAL TOLERANCE.
2. ACCOMMODATE INORGANIC SEPARATOR CANDIDATES.
3. FUNCTION WITH INCREASED ELECTROLYTE QUANTITIES.
4. LOWER OPERATING PRESSURES.
5. HIGHER SPECIFIC ENERGIES.
Figure 3. H 2 Cycle Ni-Cd Cell Design Advantages.
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POSITIVE GROUP
02 CYCLE H 2 CYCLE
456 GMS 456 GMS
NEGATIVE GROUP 633 508::
ELECTROLYTE 223 223
SEPARATOR 18 18
CELL COVER 25 25
CELL CAN 98 98
TOTAL
SPECIFIC ENERGY
1,453 GMS
45.4 WHR/KG
lp328 GMS
49.7 WHR/KG
ASSUMPTIONS:
1. NEGATIVE/POSITIVE RATIO = 1.8:1.0
2. REMOVED DISCHARGED NEGATIVE CAPACITY (OVERCHARGE
PROTECTION) = 125 GRAMS (70% OF EXCESS CAPACITY)
Figure 4. Light-Weight 50 AH Ni-Cd Cell Design.
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CHARGE: 60 MINUTES/10.0 AMPS
DISCHARGE: 36 MINUTES/16.0 AMPS
RETURN: 1.04 FACTOR
TEMPERATURE" 10Oc
CYCLES TO DATE" 4,300
DOD • APPROXIMATELY 20%
MAJOR EVENTS"
I • INITIAL PERFORMANCE
END-OF-CHARGE X
END-OF-DISCHARGE
END-OF-CHARGE
PRESSURE X
- (APPROX. CYCLE 30)
= 1.68 VOLTS
= 1.24 VOLTS
= -20 IN. OF HG
II. CAPACITY MEASUREMENT -
MEASURED CAPACITY X =
(APPROX. CYCLE 500)
59.0 AH
III. CAPACITY MEASUREMENT -
MEASURED CAPACITY X =
(APPROX. CYCLE 1,500)
58.0 AH
Figure 5. Life Test Summary.
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IV.
VB
TEST ANOMALY - (APPROX. CYCLE 2,800)
ONE (1) CELL PRESSURE DIVERSION (END-
OF-CHARGE)
APPROX. CYCLE PRESSURE
2,800 -21 IN. OF HG
2,930 64 PSI
3,050 81 PSI
3,180 33 PSI
3,310 -18 IN. OF HG
CURRENT PERFORMANCE - (APPROX. CYCLE 3,360)
END OF CHARGE X = I. 67 VOLTS
END OF DISCHARGE X = 1.23 VOLTS
END OF CHARGE
PRESSURE X -22 IN. OF HG
Figure 5. Continued.
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FNC
A NEW TECHNOLOOYIN NI-CD BATTERIE,S
I ___ II
351
BACKGROUND
II Ill
TO FNC DEVELOPMENT
• 1895 POCKET AND TUBULAR CELL DEVELOPI'IENT
• l g30 SINTERED CELL DEVELOPFIENT
• 1983 FIBER-STRUCTURED NICKEL ELECTRODES-FNC
i i li I I I iii ii it I I I I I I I I I I I
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FN 
ORIGINAL PAGE IS 
OF POOR QUALITY 
il -3 
11 FIBER STRUCTURED NICKEL ELECTRODES 11 
C Fibre Structure, as seen und,r i n  electron microscope 
353 
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FNC CHARACTERISTICS
• THICKNESS AND SIZE CAN BE EASILY CHANGED
• PURE ACTIVE HATERIALS ARE USED
• HIGH CONDUCTOR DENSITY
• HIGH EL._STICITY OF THE STRUCTURE
• HIGH PCI._ROSITY
i I I i iiii ill
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FNC PERFORMANCE ATTRIBUTES
• IMPROVED CHARGE EFFICIENCY
• HIGH CAPACITY WITH LITTLE WATER LOSS
• CAPACITY MAINTAINED WITH USE
• WIDE OPERATING TEMPERATURE RANGE
355
FNC
SEALED CELLS
356
FNC SEALED CELL CHARACTERISTICS
m FLAT VOLTAGE CURVE
I SHARP TEMPERATURE RISE
s NEGATIVE PRESSURE
m LIGHT WEIGHT
• HIGH RECOMBINATION RATES
II
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FNC SEALED CELL PERFORMANCE 
ORIGINAL PAGE: IS 
OF POOR QUALITY 
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FNC SEALED CELL PERFORHANCEFACTS
• HIGH CHARGE RATE (I C)
• I0 C DISCHARGE RATES
• I0 TO 20 % OVERCHARGE FOR FULL CAPACITY
• 3% CAPACITY LOSS AFTER I000 DEEP CYCLES
• HIGHER ENERGY DENSITY
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ENERGY DENSITY
SPECIFIC
WEIGHT
(LBS/AH)
2,0
!,5
1,0
0,5
0
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CELL TYPE
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IFNO SEALED CELL MAINTENANCE
• NO WATER REPLACEMENT
• NO LOSS OF CAPACITY/FADING WITH USE
• NO CELL SWELLING AND SELF DESTRUCTION
I
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VENTED FNC BATTERY APPLICATIONS
I TRACTION
• UTILITIES
• UPS
I
362
SEALED FNC:BATTERYAPPLICATIONS
• BACKUP POWER SUPPLIES
• ON BOARD AIRCRAFT
• HIGH PERFORMANCE MAINTENANCE FREE APPLICATIONS
I J
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